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Intensified disturbance regimes, associated with climate change, will place selective 
pressure on forests via the survival of individual trees. Elevated atmospheric [CO2] 
(eCO2) will complicate responses, potentially enhancing growth and post-disturbance 
recovery under future climates. My thesis aimed to build an understanding of the drivers 
of mortality and regeneration in forests, such as drought, fire and eCO2, combining 
descriptive field studies, a glasshouse experiment and a remote sensing study. I focused 
on the disturbance-prone Eucalyptus forests of southern Australia, comparing responses 
between forest types, e.g. wet versus dry. I asked whether increases in drought and fire 
increased mortality of both mature trees and juveniles and assessed the potential for 
population declines. I also asked whether drought modified any eCO2 effects on 
biomass growth, including storage organs used in post-fire resprouting, and if remotely-
sensed vegetation greenness was increasing across forests, potentially due to rising 
[CO2], once disturbance effects were accounted for. I found that mature trees were not 
sensitive to increases in drought or fire, although presence of previous fire damage and 
thin, non-compact bark increased the risk of mortality. Juvenile mortality was elevated 
when severe drought preceded fire. Drought negated eCO2 benefits to plant growth, 
although some drought-tolerant species developed enhanced coping strategies. Greening 
trends were divergent among forested bioregions. Thus, juveniles and populations of 
mature trees dominated by species with less effective resistance traits may be at 
elevated risk of declines in future. Drought is likely to offset eCO2 benefits to seedling 
growth and post-disturbance recovery. However, in some more resilient ecosystems, 
eCO2 benefits may outweigh the negative effects of disturbance over the long-term, 
resulting in widespread vegetation greening. eCO2 effects may vary across landscapes 
due to differences in climatic trends and ecosystem resilience to disturbances. 
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mm  = millimetres 
cm  = centimetres 
m  = metres 
km  = kilometres 
mg  = milligrams 
g  = grams 
°C  = degrees Celsius 
Mpa  = megaPascal 
DBH  = diameter at breast height 
spp.  = species 
ASL  = above sea level 
CO2  = carbon dioxide 
[CO2]  = carbon dioxide concentration 
aCO2  = ambient [CO2] 
eCO2  = elevated [CO2] 
DSF  = dry sclerophyll forest 
WSF  = wet sclerophyll forest 
HF  = high fire frequency 
LF  = low fire frequency 
MD  = mild/moderate drought 
SD  = severe drought 
SPEI  = standardised precipitation evapotranspiration index 
SVI  = spectral vegetation index 
NDVI  = normalised difference vegetation index 
 viii 
NSC  = non-structural carbohydrates 
RMR  = root mass ratio 
LMA  = leaf mass per unit area 
ABG  = above-ground biomass 
BGB  = below-ground biomass 
TB  = total biomass 
LB  = lignotuber biomass 
CRB  = coarse-root biomass 
MCMC = Markov Chain Monte Carlo 
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Chapter 1. Introduction 
The profound impact of human activities on global ecosystems is such that current rates 
of species extinction are significantly higher than background rates (Pimm et al. 2014). 
In addition, the world is likely to become uninhabitable for a substantial number of 
species before the end of the 21st Century (Urban 2015). Climate change is being 
exacerbated by loss of global forest cover, with current estimates suggesting that nearly 
50 per cent of forests have been lost since the beginning of human civilization 
(Crowther et al. 2015). Forests play a key role in global biogeochemical cycles (Dixon 
1994; Schimel 1995), nurture biodiversity and evolution, provide vital ecosystem 
services and resources such as clean water, air, timber and recreational opportunities 
(Bengtsson et al. 2000; Myers et al. 2000). Forests can mitigate the effects of climate 
change, yet forests are being removed at an unsustainable rate, 15 billion trees per year, 
globally (Crowther et al. 2015). Australia has contributed significantly to this global 
crisis by removing ~40 per cent of its forests within the last 200 years (Bradshaw 2012), 
facilitating the collapse of some of the world’s most carbon-dense forest ecosystems 
(Keith et al. 2009; Burns et al. 2015).  
The degradation of forests is compounded by the effects of our changing 
climate. Frequent, severe droughts have contributed to widespread tree mortality (Allen 
et al. 2010; Allen et al. 2015) and unprecedented mega-fires have swept across 
continents, burning millions of hectares of forest (Boer et al. 2020), leaving untold 
ecological damage in their wake. Increased tree mortality linked to climate change has 
been observed globally in recent decades across a diversity of forest types (Allen et al. 
2015), including the conifer forests of North America (Auclair 1996; van Mantgem et 
al. 2009; Anderegg et al. 2012) and the European Alps (Bréda et al. 2006; Gontheir 
2010), the Amazonian rainforest (Barlow 2003; Balch et al. 2013), the Beech forests of 
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temperate Patagonia (Suarez et al. 2004), the Mediterranean oak forests of Spain (Lloret 
et al. 2004), and the Eucalyptus forests of Australia (Fensham 1999; Lindenmayer 
2009; Cunningham et al. 2010).  
The interaction of drought and fire and its effects on forest composition, 
structure and function are poorly understood, yet may drive critical changes in a range 
of forest types in many parts of the world (Granzow-de la Cerda et al. 2012; van 
Mantgem et al. 2013; Brando et al. 2014). Such changes include loss of species 
(Fredriksson et al. 2006), changes in species distributions (Barton 1993; Hale et al. 
2016), transition to an alternate state (Fettig et al. 2013; Clark et al. 2016; Tchebakova 
et al. 2016) and changes to the way that humans and wildlife interact and utilise forest 
resources (Schoene and Bernier 2012; Bele et al. 2015; Keenan and Nitschke 2016). 
Elevated atmospheric [CO2] (eCO2) may also modify forest responses to disturbance by 
promoting faster growth and establishment of trees (Bond 2000; Saintilan and Rogers 
2015). Developing a better understanding of the effects of coupled drought-fire and 
eCO2 on forest trees will facilitate better prediction of the likely responses of forests to 
global change. 
 
1.1 Resilience and resistance traits in response to fire 
Large-scale changes in plant assemblages and functional traits have occurred many 
times during Earth’s history in response to global change (Wolfe 1978; Taylor et al. 
2009; Trondman et al. 2015). Changes to disturbance regimes place selective pressure 
on species and subsequently populations change through time via mortality and 
recruitment of individuals (Lawes and Clarke 2011; Bowman et al. 2014a; Bowman et 
al. 2014b). Recruitment must be sufficient to compensate for losses if populations are to 
be maintained. Trees survive disturbance via a combination of resilience (i.e. 
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regenerative) and resistance (i.e. structural/protective) traits (Clarke et al. 2013; Pausas 
et al. 2016). 
Vegetative resprouting is a key resilience trait present in many plant genera that 
has evolved in fire prone environments (Keeley et al. 2011; Lamont et al. 2011; Pausas 
et al. 2016). Trees of the genera Angophora, Corymbia and Eucalyptus are usually 
referred to as ‘eucalypts’ and dominate temperate forests across southeastern Australia, 
with most species possessing the capacity to resprout. Except for obligate seeder 
species, resprouting is common in most species of eucalypts, occurring via canopy or 
stem resprouting from epicormic buds and basal resprouting from lignotuber (i.e. sub-
surface storage organ) buds (Burrows 2013; Nicolle 2006). When fire intervals are too 
short for species of obligate seeders to reach maturity, resprouters may become 
dominant (McCarthy et al. 1999; Bowman et al. 2014a; Bowman et al. 2014b). 
Eucalypt forests dominated by epicormic resprouters typically experience low rates of 
fire-related mortality (e.g. 2–15%, Vivian et al. 2008; 3.9%, Catry et al. 2013). 
Nonetheless, there is evidence that extreme fire regimes, typified by consecutive high 
severity short-interval fires, can increase mortality, alter resprouting dynamics and shift 
population structure in some eucalypt communities (Fairman et al. 2017; Fairman et al. 
2019; Collins 2020).  
Thick, protective bark is a resistance trait that shields the cambium and 
epicormic buds from lethal temperatures during fire (Lawes et al. 2011b; Wesolowski et 
al. 2014; Pausas 2015). Different bark compositions, including hard, smooth and 
fibrous types, likely provide varying levels of protection against fire damage, with some 
more able than others to moderate mortality and topkill (i.e. the extent to which above-
ground components are killed during fire) rates within resprouting forests (Collins 
2020; Nolan et al. 2020b). Bark thickness decreases with stem size (Lawes et al. 
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2011a), making small stems and thin canopy branches more vulnerable to lethal damage 
during fire than large stems and thick branches (Hoffmann and Solbrig 2003; Hoffman 
et al. 2009). Trees with relatively thin bark are likely more vulnerable to mortality and 
topkill (Hoffman et al. 2009; Lawes et al. 2011a; Denham et al. 2016).  
Juvenile eucalypts are therefore at elevated risk of mortality as they lack thick 
bark and have low canopies that are likely to be consumed by fire. For juveniles, 
survival will be dependent on fast growth and early investment in lignotuber growth and 
thick bark. Some species have adapted to prevailing local regimes by investing more 
resources into early lignotuber development than others (Walters et al. 2005; Lamont et 
al. 2011; Ribeiro et al. 2012). Individuals with larger lignotubers are more likely to 
successfully resprout (Fensham et al. 2008; Borzak et al. 2016; Collins et al. 2018a), 
due to their greater capacity to store non-structural carbohydrates (NSC) used during 
resprouting (Walters et al. 2005; Wigley et al. 2009).  
Changes in mortality rates, resprouting dynamics and recruitment of new 
individuals, under increased levels of disturbance, will be moderated by the resilience 
and resistance traits present among species, and among vegetation types. Quantification 
of such changes in eucalypt forests was the aim of Chapters 2 and 3. 
 
1.2 Drought adaptations 
The gradual aridification of Australia throughout the late-Cenozoic era resulted in the 
evolution of drought tolerance mechanisms in many genera of Australian plants—
including the eucalypts—which eventually outcompeted most pre-existing canopy-
forming rainforest vegetation across present day Australia (Bowman and Yeates 2006; 
Crisp and Cook 2013). As a result, eucalypts now display a wide range of drought 
adaptations including changes in biomass allocation (Barton and Montagu 2006; 
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Thomas 2009; Maseda and Fernandez 2016), osmotic adjustment of solutes and 
cyclitols to maintain stomatal conductance (Merchant et al. 2006; Arndt et al. 2008; 
Utkhao and Yingjajaval 2015) and thick sclerophyllous leaves to increase water use 
efficiency (Searson et al. 2004), as well as the capacity to resprout (Zeppel et al. 2015). 
Accumulation of the cyclitol, quercitol, in plant tissues is likely to be an important 
drought avoidance mechanism (Merchant et al. 2006; Arndt et al. 2008) for a very large 
number of Eucalyptus species within the subgenus Eucalyptus, whereas the subgenera 
Angophora and Corymbia have apparently not evolved this trait (Merchant et al. 
2007b). In the subgenus Eucalyptus, querticol is absent in many coastal and temperate 
species (the section Maidenaria and to an extent Exerstaria), but is a more dominant 
feature in sections that dominate more arid regions (e.g. Adnataria, Dumaria). Querticol 
accumulation as a drought adaptation in eucalypts may separate xeric versus mesic 
species in general (Merchant et al. 2007b). 
Variability in drought tolerance among species and among vegetation types will 
act as a filter under potentially worsening drought conditions in the future. 
Quantification of the combined effects of drought and fire on mortality, resprouting 
behaviour and recruitment in eucalypt forests was the aims of Chapters 2 and 3, while 
quantification of the effects of drought-like conditions on biomass growth, including 
storage organs used in post-disturbance resprouting was an aim of Chapter 4. 
1.3 Elevated atmospheric [CO2] and trees 
Elevated atmospheric [CO2] has been hypothesized to aid C3 plants by increasing 
productivity, leaf area, and photosynthesis, as well as facilitating thickening of woody 
plants in both terrestrial and wetland environments around the world (Bond 2000; 
Buitenwerf et al. 2012; Saintilan and Rogers 2015). Many studies investigating the 
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effects of eCO2 demonstrate increases in growth rate (Hovenden and Williams 2010) 
and biomass of seedlings (e.g. 41–108%, Poorter and Nagel 200; Atwell et al. 2007; 
Roden and Ball 1996). As such, eCO2 may lead to faster establishment and increase the 
chances of plants reaching maturity, thereby facilitating population growth (Bond 
2000).  
Additional allocation of carbon, particularly in the form of NSC, may benefit 
resprouting species by facilitating greater access to resources that are utilised after 
disturbance (Hoffman et al. 2000). It is predicted that eCO2 should ameliorate drought 
stress by allowing gas exchange to continue at reduced stomatal conductance and 
through increased water use efficiency, although such benefits have been shown to only 
be realised when nutrients are non-limiting (Hoffman et al. 2000; Ghannoum et al. 
2010b; Franks et al. 2013). Such benefits are also likely to be lost under severe drought 
conditions (Duan et al. 2013; Franks et al. 2013). Much of this knowledge is limited to 
seedlings in glasshouse environments and does not describe the responses of trees in 
field situations. 
If eCO2 enhances growth rates and increases the capacity of storage organs used 
during post disturbance resprouting, then eucalypts may experience increased 
establishment success, and faster post-fire recovery, resulting in greener future 
landscapes. Quantification of the extent to which disturbance may modify eCO2-related 
benefits among vegetation types, was an aim of Chapters 4 and 5.  
 
1.4 Distal measures of forest condition 
The condition of forest vegetation changes over time, due to disturbances and climate, 
and some changes, such as vegetation greenness, can be measured via remote sensing 
techniques (Allen et al. 2010; Hilker et al. 2014; Allen et al. 2015). eCO2 may facilitate 
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vegetation greening through enhanced photosynthesis and increased plant productivity 
(Donohue et al. 2013). However, disturbances such as fire, drought and logging may 
moderate eCO2-assisted greening trends (Sulla-Menashe et al. 2018).  
The effects of fire on time series of remotely sensed spectral vegetation indices 
may be accounted for by controlling for time-since-fire (Sulla-Menashe et al. 2018). 
There are a variety of indices (around 100, Zargar et al. 2011) that may be potentially 
used to quantify climatic drought, and its effects on vegetation greenness. Such indices 
include the Palmer Drought Severity Index (PDSI, Palmer 1965), Keetch-Byram 
Drought Index (Keetch and Byram 1968), the Rainfall Decile-based Drought Index 
(Gibbs and Maher 1967) and the Standardized Precipitation Evapotranspiration Index 
(SPEI, Vicente-Serrano et al. 2010). All of the options above incorporate long-term data 
such as rainfall, air temperature and solar exposure from meteorological stations, and 
other data including potential evapotranspiration (PET), derived from calculations such 
as the Thornthwaite PET method (Thornthwaite 1948) and Penman-Monteith PET 
method (Penman 1956).  
SPEI incorporates precipitation and PET, providing an estimate of water balance 
over time, essentially building upon the PDSI, adding the capacity to assess drought at 
multiple temporal scales, allowing for greater versatility and applicability to ecology 
(Vicente-Serrano et al. 2010). SPEI is an index of the climatic water balance 
(precipitation minus evapotranspiration) over a given period of time, expressed as the 
number of standard deviation units from average values based on the previous 30 years. 
Thus, negative values indicate increased water deficit relative to long-term conditions, 
while positive values indicate surplus water availability relative to long-term conditions. 
The use of standardized indices such as SPEI is encouraged in ecology, as it allows for 
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more consistent interpretation of drought characteristics across ecosystems (Slette et al. 
2019). 
Disentangling the potential drivers of landscape greening, such as fire, drought 
and climate, will be critical to understanding the implications of rising atmospheric 
[CO2] on forested landscapes. Quantification of the influence of such drivers and 
assessment of the responses across bioclimatic regions was an aim of Chapter 5. 
 
1.5 Research aims 
The first line of investigation, Chapter 2, involved a retrospective, descriptive field 
survey of mortality and resprouting position (i.e. canopy, stem or base) in mature trees 
in both dry (DSF) and wet sclerophyll forests (WSF) of the Sydney region, which 
represent topographic positions, i.e. ridge (DSF) and gully (WSF). In this study I sought 
to answer whether severe drought and frequent fire increased the likelihood of mortality 
and altered resprouting position among contrasting forest types. I also asked whether 
mortality and resprouting position changed as a function of tree-size, bark type and 
previous fire damage.  
The second line of investigation, Chapter 3, built upon the findings of Chapter 2 
and asked whether the combined effect of severe drought and frequent fire was likely to 
lead to a bottleneck in juvenile recruitment. This study also examined whether 
topographic heterogeneity, such as that found in ridge-gully (DSF vs WSF) systems was 
driving spatial variation in the effects of drought and fire across these forests. 
The third line of investigation, Chapter 4, involved a controlled glasshouse 
experiment and asked whether drought-like conditions modified any potential eCO2 
effects on the growth of biomass components, including storage organs used in post-fire 
resprouting. To gain insight into community-level responses to future climate change, 
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this study compared indicative species of several widespread, contrasting southeastern 
Australian vegetation types: WSF, a mesic type; DSF, a moderately xeric type; and 
grassy woodland (GW), a strongly xeric type. 
The final line of investigation, Chapter 5, involved the development of models 
addressing long-term changes in remotely sensed vegetation greenness of forests across 
southeastern Australia. This study investigated whether greening had occurred across 
temperate eucalypt forests over a 28-year period (1989–2017). I controlled for the 
potentially confounding effects of time-since-fire, drought, climate and forest type to 
test for the presence of a greening trend and implied CO2 effects. I assessed these 
responses for two adjacent bioregions to gain insight into sub-continental-scale 
responses of these forests in the light of global trends. 
 Collectively, this series of closely linked projects is designed to provide deep 
insight into processes that affect forests and how forests may be changing now and into 
the future. The findings are synthesised in light of this broader question in the final 












Chapter 2. Mortality and resprouting responses in forest trees 
driven more by tree characteristics than drought severity and 
fire frequency 
2.1 Abstract 
Increases in tree mortality linked to drought and fires have been reported across a range 
of forests over the last few decades. Resprouting forests are considered highly resilient 
to change, yet they are potentially at risk of increased mortality, demographic shifts and 
changes to species composition due to increases in drought and fire, although the 
synergistic effects of drought and fire remain largely unknown. We measured the effects 
of drought severity, fire frequency, tree size, previous fire damage (i.e. fire scars) and 
bark type on mortality and resprouting position (e.g. canopy, stem, base) of 
reproductive-age trees, in a retrospective field-based study of two Eucalyptus forest 
communities (dry and wet forests), following the 2013 bushfire season in greater 
Sydney. We found that eucalypt populations in both vegetation types were resilient to 
increases in mortality and changes in resprouting position under severe drought and 
frequent fire, and that mortality and resprouting position varied substantially with tree 
size, fire scar presence/absence and among bark types. Tree mortality and changes in 
resprouting position were considerably more likely in smaller trees with previous fire 
damage. Species with non-compact bark (e.g. fibrous, stringy, rough) were more 
vulnerable to changes in resprouting position, e.g. from canopy to stem. Given our 
results, we suggest that populations dominated by species that have small stem 
diameters, thin/non-compact bark and previous fire damage are likely at elevated risk of 




Climate and fire are major determinants of ecosystem structure, function and evolution 
at the global scale (Bond and van Wilgen 1996; Bowman et al. 2009; Keeley et al. 
2011). Tree mortality linked to drought and fires has been increasingly reported for a 
range of vegetation types globally (Allen et al. 2010; Brando et al. 2014; Clark et al. 
2016). Mass tree mortality associated with extreme drought or altered fire regimes may 
destabilize forest ecosystems and potentially lead to conversion of forest to a non-forest 
state (Bowman et al. 2013; Brando et al. 2014; Allen et al. 2015). Drought is a key 
driver of large fire occurrence in forest ecosystems (Andrade et al. 2019; Cerano-
Paredes et al. 2019; Silva Junior et al. 2019), with periods of severe drought often 
coupled with increased fire size and area burned. The nature of the interactive effects of 
drought and fire on tree mortality (e.g. antagonistic, additive or synergistic) will have 
important implications for the stability of forest ecosystems under future climate change 
(e.g. Walden et al. 2019). 
  Trees survive in drought- and fire-prone landscapes via a combination of 
resilience (i.e. regenerative) and resistance (i.e. structural/protective) traits that 
ultimately shape vegetation structure and species distributions (Clarke et al. 2013; 
Pausas et al. 2016). Vegetative resprouting is a key resilience trait in disturbance prone 
ecosystems (Bellingham and Sparrow, 2000), enabling plants to produce new foliage 
following disturbance (Pausas et al. 2016; Pausas and Keeley 2017). Forests dominated 
by epicormic resprouters, which are those trees that are able to resprout new foliage 
from stems and branches via axillary/epicormic buds beneath the bark (Nicolle 2006; 
Burrows 2013), recover canopy cover quickly following high severity fire (e.g. within 5 
years, Vivian et al. 2008) and are generally considered resilient to disturbance (Catry et 
al. 2013; Matusick et al. 2016). 
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 Thick, protective bark is a resistance trait that shields the cambium and 
epicormic buds from lethal temperatures during fire (Lawes et al. 2011b; Wesolowski et 
al. 2014; Pausas 2015). Greater investment in protective bark to increase survival 
probability is likely to be a trade-off with rate of growth and overall-size (Jackson et al. 
1999). For example, trees that grow in open-forest conditions that experience frequent 
fire may invest relatively more into thick protective bark than trees that grow in closed-
forest conditions, where fire may be infrequent (Jackson et al. 1999). However, there 
may be wide variability in bark thickness patterns within a vegetation type, likely owing 
to trade-offs between growth, form and the multiple functions of bark in protecting 
against fire, pathogens and moisture loss (Poorter et al. 2014). Bark thickness decreases 
with stem size (Lawes et al. 2011a), making small stems and thin canopy branches more 
vulnerable to mortality during fire than large stems and thick branches (Hoffmann and 
Solbrig 2003; Hoffman et al. 2009). Thus, trees with relatively thin bark on either the 
main stem or canopy branches are likely more vulnerable to mortality and subsequent 
changes to the location of resprouting on the stem via increased topkill, i.e. the extent to 
which above-ground components are killed during fire (Hoffman et al. 2009; Lawes et 
al. 2011a; Denham et al. 2016).  
Resprouting forests typically experience low rates of fire-related mortality (e.g. 
2–15%, Vivian et al. 2008; 3.9%, Catry et al. 2013) and the overstorey can maintain 
biomass under high fire frequencies (e.g. 4–5 fires within 45 years, Gordon et al. 2018; 
Collins et al. 2019), although there is evidence that extreme fire regimes (e.g. 
consecutive high severity short-interval fires) can increase mortality, alter resprouting 
dynamics and shift population structure (Fairman et al. 2017; Fairman et al. 2019; 
Collins 2020). For example, the stem diameter (DBH) at which trees become 
increasingly likely to revert to basal resprouting may increase with the number of fires, 
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e.g. from 15 cm (one fire) to 22 cm (two fires; Fairman et al. 2019), thereby increasing
the risk of mortality. Additionally, high severity fire can cause topkill, reducing chances 
of successful epicormic resprouting (Catry et al. 2013; Collins 2020). Stem collapse is a 
major cause of stem mortality in resprouting forests (Whitford and Williams 2001; 
Gibbons et al. 2008). Basal ‘fire scars’, whereby the cambium is killed by fire and 
begins to erode stem integrity, can make trees more vulnerable to stem collapse during 
future fires and storms (Lawes et al. 2013; Silvério et al. 2019; Collins 2020). Variation 
in bark thickness/density among species may influence susceptibility to fire scar 
formation/stem collapse during and following fire (Gibbons et al. 2000b; a; Collins et 
al. 2012; Collins 2020). Increased fire frequency in resprouting forests may accelerate 
the development of fire scars (Wardell-Johnson 2000; Collins et al. 2012), resulting in 
the loss of large stems (Fairman et al. 2017).  
If the incidence of concurrent drought and fire increases in the future, several 
mechanisms could result in major structural and compositional changes to resprouting 
forests. For example, drought may increase fire severity and area burned via changes to 
soil moisture and fuel dynamics, leading to increased tree mortality (Van Nieuwstadt 
2005; Fredriksson et al. 2006; Xiao and Zhuang 2007). Pre-fire drought may also 
increase the susceptibility of trees to mortality during fire, via drought-induced 
physiological changes, such as reduced xylem conductivity, increased branch cavitation 
and starvation of carbohydrates needed for post-fire resprouting (van Mantgem et al. 
2013; Jacobsen et al. 2016; Matusick et al. 2016). Forests may also experience 
increased mortality, decreased recruitment and inhibited resprouting if antecedent 
drought/fire has a compounding effect on resistance and resilience traits (Allen et al. 
2010; Enright et al. 2015; Clark et al. 2016). Developing a comprehensive 
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understanding of coupled drought-fire effects on forest trees will facilitate better 
prediction of the likely responses of forests to global change. 
Temperate forests cover a diverse range of climates that are periodically 
subjected to drought and fire (van Mantgem and Stephenson 2007; Stevens-Rumann et 
al. 2018). Trees from the genera Angophora, Corymbia and Eucalyptus, referred to as 
‘eucalypts’, dominate temperate forests across southeastern Australia and are generally 
resilient to fire, with most species possessing the capacity to resprout epicormically 
following canopy defoliating fires (Nicolle 2006; Burrows 2013). Eucalypts exhibit 
diverse physiological responses to drought (Merchant et al. 2006; Merchant et al. 
2007a). Substantial stem mortality (e.g. 26%) and crown mortality (e.g. >70%) can 
occur in temperate eucalypt forests following extended periods of low rainfall 
(Matusick et al. 2013), though mortality rates may be variable among eucalypt species 
(Ruthrof et al. 2015). Drought can also result in structural changes, such as loss of 
canopy foliage, akin to fire-driven disturbance in some eucalypt communities (Ruthrof 
et al. 2015; Matusick et al. 2016; Walden et al. 2019).  
Topography moderates vegetation heterogeneity in temperate forests via its 
effects on resource gradients, such as soil nutrients and moisture (McColl 1969), and on 
fire behavior (Bradstock et al. 2010; Collins et al. 2019a). In the temperate forests of 
southeastern Australia, ridgetop environments are generally dry with low nutrient 
availability, while gully environments retain higher levels of moisture and soil nutrients 
(McColl 1969). Gullies typically experience low-moderate fire severity (Bradstock et 
al. 2010) and are more likely to provide unburnt refugia than adjacent ridgetops (Collins 
et al. 2019a). Gullies typically support taller growth with dense understories of soft-
leaved plants and a higher proportion of fire-sensitive species generally found in wet-
sclerophyll forest (WSF) communities, whereas ridgetops are typically dominated by 
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small-medium sized trees and sclerophyllous shrubs, which dominate dry-sclerophyll 
forest (DSF; Keith and Benson 1988). Thus, gullies may buffer vegetation from the 
effects of drought and fire by providing refugia within topographically complex 
landscapes. 
Our study investigated the effects of antecedent drought, fire frequency and tree 
characteristics (size, basal fire scars, bark type) on the survival and regeneration 
response of eucalypts to fire, across two contrasting vegetation types (DSF, WSF). 
Specifically, this study focused on reproductive-age trees, the cohort that have had 
sufficient time to develop traits related to fire resistance, e.g. thick bark, and resilience, 
e.g. epicormic buds. We asked whether severe drought and frequent fire: (i) increased
the likelihood of mortality above expected levels described in other studies of eucalypts 
(e.g. 2-15%; Vivian et al. 2008; Catry et al. 2013), and (ii) altered the expected 
resprouting position, i.e. from canopy branches to either the stem or stem-base. We also 
asked whether mortality and resprouting position changed as a function tree-size, bark 
type (i.e. compact, hard bark versus loose, fibrous bark) and previous fire damage, and 
assessed the importance of these factors relative to drought severity and fire frequency. 
We independently assessed these responses for two contrasting vegetation types to gain 
insight into community-level responses to coupled drought-fire effects. 
2.3 Methods 
2.3.1 Study area 
The Sydney Basin bioregion contains coastal escarpments and steeply dissected terrain, 
covering approximately 45,000 km². Soils are mainly of low fertility, derived from 
sandstone and shale parent material (DPI 2017). Elevation ranges from sea level to over 
1200 m. Mean annual temperature and rainfall ranges between 11°C–18°C and 600 mm 
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to 1500 mm, respectively, as a function of both altitude and distance from the coast. 
DSF dominates ridgetops and WSF dominates gullies, with most forested land 
occurring within the National Park estate (see Appendix A1.1 for details on vegetation 
types). Since reliable fire history records began in the 1960s, most sclerophyll forests in 
the study region have burned 1–3 times, with a smaller proportion (~10%) burning in 
excess of three times (Hammill et al. 2013). Typical fire intervals are between 5–20 
years in DSF and 20–100 years in WSF and fires are generally of mixed fire severity 
(Murphy et al. 2013). Fires occurring at very short intervals (<5 years) are likely to 
result in changes to forest structure, when compared to areas burnt at longer intervals 
(Arno and Allison-Bunnell 2002; Lewis et al. 2012; Cawson et al. 2017). Large areas of 
forest burned across greater Sydney in 1993/94, 2001–03, 2006/07, 2013/14 and again 
in 2019/20 following our study, with a number of smaller fire seasons in between.  
 
2.3.2  Fire history 
To control for time since fire, the study focused on four areas burnt by large fires in 
October 2013. The fires occurred in four different sub-regions across the Sydney Basin, 
with two sub-regions experiencing mild/moderate drought (MD) and two experiencing 
severe drought (SD; Fig 2.1). Fire frequency was calculated for each sub-region as the 
number of fires in the 20-year period that occurred between 1993 and 2013 and 
categorized as low (1–2 fires; LF) or high (3 or more fires; HF). Widespread fires 
during the 1993/1994 summer provided spatially-extensive opportunities for examining 
areas burnt in subsequent fires. Fire history data were obtained from the New South 




Figure 2.1 Composite image of the study region showing site locations (DSF = circles; WSF = 
stars), pre-fire drought severity and fire frequency combinations (coloured shading) within the 
Sydney Basin bioregion (panel a). Panel B shows location of Sydney Basin bioregion (magenta 
shading) within context of Australia. Pre-fire drought severity was determined by calculating 6-
monthly SPEI for October 2013. Fire frequency was calculated between June 1993–January  
2014 (low £2 fires; high ³3 fires). Black ellipses highlight sites locations within each sub-region. 
Coloured shading also reperesents extent of fires during the 2013/14 fire season. MD = 
mild/moderate drought; SD = severe drought; LF = low fire frequency; HF = high fire frequency 
(see 2.3.3 for details on drought severity classes). 
 
2.3.3 Drought severity 
Drought severity was quantified by using the Standardized Precipitation-
Evapotranspiration Index (SPEI, Vicente-Serrano et al. 2010). SPEI is an index of the 
climatic water balance (precipitation minus potential evapotranspiration based on 30 
years of gridded monthly weather data) expressed as the number of standard deviation 
units from average values based on the previous 30 years. Negative SPEI values 
indicate increased water deficit relative to long-term conditions, while positive values 
indicate surplus water availability relative to long-term conditions. We calculated SPEI 
at a 6-monthly time scale, which is sufficient for detecting drought stress in temperate 
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eucalypt forests (Pook 1986; Pook et al. 1997). Slette et al. (2019) suggest SPEI values 
between -1 and +1 can be treated as falling within the range of normal climatic 
variability, while values below -1 represent progressively more severe drought 
conditions; however, values at or below -0.5 have been considered to be representative 
of drought conditions in temperate Australia (Ma et al. 2015). We partitioned sub-
regions in our study into either mild/moderate drought (MD; SPEI = 0 to -1.4) or severe 
drought (SD; SPEI = < -1.4). This threshold was chosen as it divided the study area into 
two approximately equal-sized and climatically coherent regions, each contain 
substantial DSF and WSF populations. For example values below -1.4 were restricted to 
typically drier, warmer areas at lower elevation in the north-west of the study region 
while values above -1.4 occurred along the coastal fringe and in cooler areas with 
higher elevation (Fig 2.1).  
In the six months preceding the 2013/14 fire season, drought severity varied 
considerably within the study region, with fires in the northern sub-regions burning 
under severe drought and fires in the southern sub-regions burning under mild/moderate 
drought (Fig 2.1). Most areas returned to low drought/normal conditions in the six 
months following October 2013. For each sub-region, SPEI was calculated at 0.05° x 
0.05° resolution for the 6-month period prior to and after the 2013 fire. Field sites were 
only placed in areas where post-fire SPEI had returned to normal/near normal. Thus, 
there was substantial variability in pre-fire drought severity and minimal variation in 
post-fire drought conditions. Climatic data used to calculate SPEI was obtained from the 
SILO database (SILO 2019). SPEI was calculated using the ‘SPEI’ package in R 
(Vicente-Serrano et al. 2010). 
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2.3.4 Study design 
The study design incorporated drought severity (mild/moderate; severe), fire frequency 
(low: 1–2 fires; high: 3 or more fires) and vegetation type (DSF; WSF) in a fully 
factorial manner (n = 14). 112 sites were evenly distributed across the four sub-regions 
(28 sites per sub-region) in order to obtain sufficient spatial variability in drought 
severity (Fig 2.1). Sub-regions occupied narrow bounds of mean annual temperature 
and rainfall (e.g. ±2°C and 200 mm across sites within each sub-region). All DSF sites 
were last burnt at moderate-high severity, with a high amount of scorching and 
consumption of canopy foliage (canopy 70–100% burnt; severity classes 3-5, Hammill 
& Bradstock 2006), whereas all WSF sites were burnt at low-moderate severity, with a 
mix of unburnt and scorched canopy foliage (canopy <70% burnt; severity classes 1-2, 
Hammill & Bradstock 2006). Our study did not consider the severity of antecedent fires 
when quantifying fire frequency; thus, it is unclear whether trees were subjected to 
multiple high severity fire events prior to the fires in the 2013/2014 fire season. The 
topography of the study region limited the prevalence of high severity fires in gullies 
(Bradstock et al. 2010) so fire severity could not be matched between vegetation types. 
Instead, we contrasted the ‘common’ fire severity patterns between vegetation types, 
e.g. high severity in DSF and low/moderate severity in WSF (Bradstock et al. 2010). 
All data was collected between February 2018 and July 2018. A 50 m x 20 m 
plot was established at each site. DSF plots were confined to the top of ridges along 
contours, whereas WSF plots were confined to gully bottoms or lower slopes, adjacent 
to creeks along contours (see Appendix A1.2 for examples of typical sites). Plot aspect 
was consistently varied between sites to minimize aspect bias. Plots were placed at least 
50 m from roads and trails to avoid edge effects and at least 300–500 m apart to reduce 




2.3.5 Field methods 
All trees >20 cm diameter at breast height over bark (DBH) were identified (i.e. by 
species and bark type, Appendix A1.3) and individually measured within the 50 x 20 m 
plot. Trees 10–20 cm DBH were identified and measured on a 50 m x 10 m sub-plot 
located on the lower half of the main plot (Appendix A1.4). The variable plot-sizes 
were designed to ensure representative sample sizes were collected (McElhinny et al. 
2005; McElhinny et al. 2006). Species were identified using the keys provided by 
Klaphake (2012) and Brooker and Kleinig (1999). When stems were closely-spaced a 
1000 mm x 4 mm steel rod was used to probe between stems to determine whether they 
were connected by a sub-surface lignotuber.  
For each stem we measured DBH, height, bark thickness, whether alive or dead, 
resprouting position and fire scar presence. DBH was measured over bark at 1.3 m 
above the ground on the uphill side of the tree. Mortality was defined as a dead standing 
tree, or log and associated stump representing a whole tree which had died due to the 
most recent fire (Fig 2.2) Stumps and logs were measured if they met the following 
criteria: (a) determined to be a product of the most recent fire by being allocated a decay 
state of ‘1’ or less (wood hard and intact, see Gordon et al. 2018; Roxburgh et al. 2006); 
(b) had most likely fallen due to fire scar formation and collapse, evidenced by a fire 
scar at the break point, rather than wind-felled. Resprouting position was defined as the 
highest position on a tree at which resprouting was observed, classified as follows: base 
= all pre-fire stems killed during most recent fire and resprouting only observed within 
30 cm of the tree base; stem = no live foliage observed on secondary and tertiary 
branches, but successful epicormic resprouting from main stems and/or primary 
branches, and; canopy = live foliage observed on secondary/tertiary branches, possibly 
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accompanied by epicormic and basal resprouting (Fig 2.2; see Appendix A1.5 for 
further examples). For taller WSF trees, canopy resprouting also included trees that may 
have been unaffected by fire due to tall canopies and low fire severity, as such these 
trees have been classified as canopy/unaffected. Bark thickness was measured on both 
north and south sides of trees using a 50 mm bark gauge (Haglof Barktax, Sweden). The 
maximum height of dead branches (pre-fire) and maximum height of live foliage (post-
fire) was measured using an angle-compensated laser rangefinder (Nikon Forestry Pro 
500, Japan). Fire scar presence/absence was recorded for all trees (see Appendix A1.5 
for fire scar examples). We recorded over 40 Eucalyptus species across the sites, with 
only a handful occuring across all drought and fire combinations. Bark thickness 
patterns were consistent among bark types (see Appendix A1.6). Thus, we aggregated 
species by bark type for analysis and this was determined according to bark texture and 
the height of persistent bark on the main stem (Collins 2019; Boland et al. 2006; 






Figure 2.2 Diagram showing categories of pre-fire drought effects (panel a) and fire effects 
(panel b) on trees. Panel a shows drought damage followed by initial resprouting response. 
Panel b shows potential fire effects on forest trees: canopy topkill resulting in change in 
resprouting position and reduction in canopy height, fire scar formation, stem collapse, mortality 
and seedling recruitment. 
 
2.3.6 Data analysis  
We used a Bayesian modelling approach to derive bounded estimates of response 
probabilities for trees sampled in each combination of drought severity (mild/moderate 




































differences between trees with and without fire scars, different bark types and 
drought/fire histories. We included DBH as a smooth term (in the sense of generalized 
additive modelling; Wood 2017) in all models to account for the non-linear relationship 
between tree diameter and resprouting response (Fairman, Bennett, Nitschke 2019). We 
analysed DSF and WSF independently and separate models were fitted for two response 
variables: (a) the probability of mortality for each tree: 
(1) mortality ~ s(DBH) + drought severity * fire frequency + fire scar presence +  
bark type 
and; (b) the probability of membership in each resprouting position class for trees that 
survived fire: 
(2) resprouting position ~ s(DBH) + drought severity * fire frequency + fire scar 
presence + bark type 
A weighting term was included to account for the different plot sizes within each 
size class of trees and logs that were recorded, e.g. mortality | weights ~. Models were 
fitted using Markov Chain Monte Carlo (MCMC) as implemented in the ‘brms’ 
package for R version 3.5.0 (Bürkner 2017 , R Core Team 2019). Missing data for bark 
type (e.g. charred logs with no bark; n = 146) was imputed via multiple imputation 
using the MICE algorithm implemented in the R package MICE (van Buuren and 
Groothuis-Oudshoorn 2011).  
Mortality was modelled as a Bernoulli-distributed variable while resprouting 
position was modelled as an ordinal variable. For each model, we sampled four Markov 
chains, each consisting of 5000 model iterations. We assessed model convergence using 
the Gelman-Rubin diagnostic (Gelman and Rubin 1992) and checked for acceptable 
levels of serial autocorrelation. Separate Markov chains for each model were then 
combined into a matrix of samples from the joint posterior distribution of model 
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parameters, which we subsequently used to derive predictions of probabilities among 
the treatments (Kruschke 2015; Suzuki 2019). We then used the matrix of posterior 
samples from the model to calculate posterior difference distributions for selected 
contrasts. Where applicable these calculations are referred to in the results as ‘calculated 
mean difference’, i.e. the mean value of summarised difference calculations. Credible 
intervals were calculated as highest posterior density intervals (HPDI), in order to 
display the central 50% of model predictions and lower/upper 95% bounds of model 
predictions. The term ‘intermediate size’ or similar is used throughout the results and 
accompanied in the first instance by a range of DBH values. Note that this value 
inherently varies between vegetation types. The data and R scripts used to generate the 
results are provided online in a data repository (https://github.com/erb418/EB.C- 
h2.scripts) and secondary results summaries can be found in Appendix A1.6. 
2.4 Results 
2.4.1 Dry sclerophyll forest 
Mortality 
Trees without fire scars in DSF communities were very unlikely to be dead and the 
probability of mortality was below the lower bound of the expected level of mortality of 
2%, regardless of DBH, drought/fire combination or bark type (Fig 2.3a). When trees 
had a fire scar, the probability of mortality increased as DBH decreased (Fig 2.3b, d). 
Trees with fire scars were more likely to exceed the upper bound of the expected level 
of mortality as DBH decreased below 45–55 cm (Fig 2.3b, d), with the maximum mean 
probability of mortality being 41–74% in the smallest stems (Fig 2.3b, d).  
Mortality was more likely for small trees (<20 cm DBH) with fire scars exposed 
to high fire frequency compared to low fire frequency (Fig 2.3b, d). Fire frequency had 
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little effect on mortality for trees above ~30 cm DBH (Fig 2.3b). The mean diameter at 
which mortality exceeded the upper expected threshold was ~10 cm greater under high 
fire frequency, relative to low frequency (Fig 2.3b). Drought severity had little effect on 
the probability of mortality (Fig 2.3a, b).  
When DBH was less than 50 cm, there were moderate to substantial differences 
in the probability of mortality for trees with fire scars compared to trees without fire 
scars (Fig 2.3b, d). For trees of intermediate size (25–35 cm) with fires scars, stringy 
bark was the most likely bark type to experience mortality, followed by fibrous bark, 





Figure 2.3 The effect of DBH (x-axis), drought severity/fire frequency combination (panels a, b), 
fire scar presence (left/right panels; n = no scar; y = scar present) and bark type (panels c, d) on 
the probability of mortality for trees 10–80 cm DBH in dry sclerophyll forest (DSF) of the Sydney 
Basin. Drought/fire combinations are notated as follows: MD = moderate drought; SD = severe 
drought; LF = low fire frequency; HF = high fire frequency. Coloured ribbons represent 50% 












Canopy was the most likely resprouting position in trees of DSF communities, across 
the range of DBH values, drought/fire combinations, bark types and fire scar classes 
(mean probabilities: 32–99%), followed by stem (mean probabilities: 1–56%), with base 
very unlikely to be the sole resprouting position (mean probabilities: 0–11.4%; Figs 2.4, 
2.5). The probability of stem resprouting increased as DBH decreased below 25–35 cm 
across all combinations of drought severity and fire frequency, bark types and fire scar 
classes (Figs 2.4c, d, 2.5c, d), with corresponding reductions in canopy resprouting, 
which met the expected response (Figs 2.4a, b, 2.5a, b). At minimum DBH values (10–
15 cm), trees without fire scars were on average 7–25% more likely to be canopy 
resprouters than trees with fire scars, depending on bark type (Figs 2.4a, 2.5a). Small 
trees (10–15 cm DBH) with fire scars were 10–25% more likely to be stem resprouters 
than trees without fire scars (Figs 2.4c, 2.5c).  
 Trees without fire scars were highly likely to be canopy resprouters (>75%) 
irrespective of disturbance regime (Fig 2.4a). When smaller trees had a fire scar they 
were 7–15% more likely to be canopy resprouters if they had experienced severe 
drought and high fire frequency (Figs 2.4b, 2.5b).  
 The effect of fire frequency on the probability of stem resprouting in smaller 
trees was negligible. High fire frequency resulted in a small increase in the probability 
of canopy resprouting of between 6–14% across bark types and generally <10% for 
trees of average size (Fig 2.4b).   
 Trees with fire scars at minimum DBH values (10–15 cm), and with fibrous bark 
were most likely to be base or stem resprouters. Base or stem resprouting was less likely 
in trees with rough bark (mean probabilities for base/stem: 6.5 / 47.7%), stringy bark 
(mean probabilities for base/stem: 5.4 / 44%), smooth bark (mean probabilities for 
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base/stem: 2.6 / 29.8%), with hard bark trees having the lowest probability (range/mean 
probabilities for base/stem: <1 / 13.8%; Fig 2.5d, f).  
Figure 2.4 The effect of DBH (x-axis), drought severity/fire frequency combination (coloured 
ribbons) and fire scar presence (left/right panels; n = no scar; y = scar present) on the 
probability of membership in each resprouting position category (canopy = complete 
resprouting; stem =  stem resprouting only, death of canopy; base = basal resprouting only, 
death of stem and canopy) for trees 10–80 cm DBH in dry sclerophyll forest (DSF) of the 
Sydney Basin. Drought/fire combinations are notated as follows: MD = moderate drought; SD = 
severe drought; LF = low fire frequency; HF = high fire frequency; rows represent resprouting 
position. Coloured ribbons represent 50% credible intervals; dotted black lines represent the 
expected levels of mortality (2–15%). 
(a) (b) 
(c) (d) 

















Figure 2.5 The effect of DBH (x-axis), bark type (coloured ribbons) and fire scar presence 
(left/right panels; n = no scar; y = scar present) on the probability of membership in each 
resprouting position category (canopy = complete resprouting; stem =  stem resprouting only, 
death of canopy; base = basal resprouting only, death of stem and canopy) for trees 10–80 cm 
DBH in dry sclerophyll forest (DSF) of the Sydney Basin. Rows represent resprouting position. 
Coloured ribbons represent 50% credible intervals; dotted black lines represent the expected 
levels of mortality (2–15%). 
 
2.4.2 Wet sclerophyll forest 
Mortality 
Trees without fire scars in WSF communities were very unlikely to be dead and the 
probability of mortality was below the upper bound of the expected level of mortality of 
15%, regardless of DBH, drought/fire combination or bark type (Fig 2.6a). When trees 



















Trees with fire scars were more likely to exceed upper bound of the expected level of 
mortality as DBH decreased below 45–55 cm (Fig 2.6b, d), with the maximum 
probability of mortality being 37–84% in the smallest stems (i.e. 10 cm; Fig 2.6b, d). 
Trees that experienced low fire frequency remained mostly above the expected level of 
mortality regardless of DBH (Fig 2.6b).  
 Mortality was more likely for small trees (<20 cm DBH) with fire scars exposed 
to high fire frequency compared to low fire frequency when drought was severe 
(calculated mean difference across bark types 25–31%; Fig 2.6b, d). At intermediate 
DBH (e.g. 40 cm) there was little difference in the probability of mortality for trees with 
fire scars due to drought severity (calculated mean difference <5%). However, trees that 
experienced low fire frequency compared to high fire frequency were 10–17% more 
likely to die (Fig 2.6b).  
At intermediate DBH there were moderate to substantial differences in mortality 
for trees with fire scars compared to trees without fire scars (calculated mean difference 
of 15–50%; Fig 2.6b, d). For trees of intermediate size, stringy barks had highest 
mortality (mean probability: 41.3%), followed by trees with smooth bark (mean 
probability: 32.4%), hard bark (mean probability: 26.9%), rough bark (mean 






Figure 2.6 The effect of DBH (x-axis), drought severity/fire frequency combination (panels a, b), 
fire scar presence (left/right panels; n = no scar; y = scar present) and bark type (panels c, d) on 
the probability of mortality for trees 10–80 cm DBH in wet sclerophyll forest (WSF) of the 
Sydney Basin. Drought/fire combinations are notated as follows: MD = moderate drought; SD = 
severe drought; LF = low fire frequency; HF = high fire frequency. Coloured ribbons represent 













Canopy/unaffected was the most likely resprouting position in trees of WSF 
communities, across the range of DBH values, drought/fire combinations, bark types 
and fire scar classes (range of mean probabilities: 69–100%) followed by stem (range of 
mean probabilities: 0–23%) with base very unlikely (range of mean probabilities: 0–
7%; Fig 2.7, 2.8). The probability of stem resprouting increased as DBH decreased 
below 25–35 cm (Figs 2.7c, d, 2.8c, d). Correspondingly, probability of 
canopy/unaffected, i.e. the expected response, decreased below 25–35 cm DBH (Figs 
2.7a, b, 2.8a, b). At minimum DBH values (10 cm) trees without fire scars were 4–18% 
more likely to be canopy resprouters or unaffected than trees with fire scars, i.e. 
somewhat more likely to conform to the expected response (Figs 2.7a, 2.8a). Small trees 
(10–15 cm DBH) with fire scars were 3–12% more likely to be stem resprouters than 
trees without fire scars (Figs 2.7c, d, 2.8c, d).  
 When small trees had a fire scar they were 18–31% more likely to be canopy 
resprouters or unaffected if they had experienced severe drought and low fire frequency. 
However, the magnitude of differences between all drought/fire combinations was 
generally less than 2% for average sized trees (~25 cm DBH; Fig 2.7b). Rough barked 
trees were most likely to be stem resprouters (mean probability: 23%), followed by 
fibrous bark trees (mean probability: 17%). Trees with other bark types had low 





Figure 2.7 The effect of DBH (x-axis), drought severity/fire frequency combination (coloured 
ribbons) and fire scar presence (left/right panels; n = no scar; y = scar present) on the 
probability of membership in each resprouting position category (canopy/unaffected = complete 
resprouting/unaffected; stem =  stem resprouting only, death of canopy; base = basal 
resprouting only, death of stem and canopy) for trees 10–80 cm DBH in wet sclerophyll forest 
(WSF) of the Sydney Basin. Drought/fire combinations are notated as follows: MD = moderate 
drought; SD = severe drought; LF = low fire frequency; HF = high fire frequency; rows represent 
resprouting position. Coloured ribbons represent 50% credible intervals; dotted black lines 






















Figure 2.8 The effect of DBH (x-axis), bark type (coloured ribbons) and fire scar presence 
(left/right panels; n = no scar; y = scar present) on the probability of membership in each 
resprouting position category (canopy = complete resprouting; stem =  stem resprouting only, 
death of canopy; base = basal resprouting only, death of stem and canopy) for trees 10–80 cm 
DBH in dry sclerophyll forest (DSF) of the Sydney Basin. Rows represent resprouting position. 
Coloured ribbons represent 50% credible intervals; dotted black lines represent the expected 

























Based on this large-scale field study investigating two key temperate forest types, our 
findings suggest that recent drought and fire frequency are not reliable predictors of 
mortality and changes to resprouting position overall. These results are in contrast to 
results of similar studies in eucalypt and other vegetation types (van Mantgem et al. 
2009; Brando et al. 2014; Fairman et al. 2017). On the other hand, more subtle 
characteristics, such as stem size, bark type and previous fire damage, could be major 
drivers of mortality and changes in resprouting position.  
 Our results demonstrated that reproductive-age trees in our study region were 
highly resilient to coupled occurrences of drought and fire. This finding aligns with 
work from similar forests subjected to repeated high severity fires (Collins 2019) and 
indicates that variations in short-term drought history do not greatly affect mortality 
rates or resprouting responses following fire in the study area. In contrast, drought and 
fire related mortality have been reported to be as high as 40–80% in tropical forests 
(Brando et al. 2014) and up to 89% for coniferous species (Catry et al. 2010). 
Fire scar presence and DBH were the most influential predictors of mortality 
and resprouting position in trees of both forest types; however, there was substantial 
variation in the magnitude of these effects, as a function of bark type (Figs 2.3, 2.4). 
Interestingly, the pattern was not consistent across our two forest types. For dry 
sclerophyll species, hard and smooth bark, the more compact bark types, provided 
greater resistance to mortality, while fibrous and rough bark provided greater resistance 
for wet sclerophyll species, highlighting potential species-level differences within bark 
types and between vegetation types. In contrast to the effects of bark type on whether or 
not a tree died from fire, the influence of bark type on resprouting position highlighted 
insights for the future of trees that survived. Thinner, non-compact bark types (fibrous, 
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stringy, rough; see Appendix A1.6 for details on bark thickness) were most vulnerable 
to changes in resprouting position from canopy to stem or base, consistent with work 
elsewhere (Lawes et al. 2011b; Brando et al. 2012; Collins 2020). This phenomenon 
was consistent between vegetation types, but amplified for smaller trees on ridgetops 
(dry sclerophyll) and diminished for larger trees in gullies (wet sclerophyll), suggesting 
that interactions between topographically moderated soil water availability and fire 
severity, basal damage and bark morphology will determine syndromes of resilience via 
resprouting. Finally, although species-level analysis was beyond the scope of this study, 
inherent species effects may also exist. For example, certain species in our study may 
have been more prone to drought-induced canopy topkill than others (see Li et al. 
2018), leading to changes in resprouting position. Successful canopy resprouting was 
negatively affected by the presence of fire scars, providing support for the proposal that 
basal damage is a driver of topkill (Whitford and Williams 2001; Gibbons et al. 2008; 
Collins 2020).  
 
2.5.1 Biological mechanisms underlying mortality & resprouting responses 
The mortality and damage of stems and branches will be determined by the exposure of 
living tissues to lethal temperatures (Wesolowski et al. 2014). Bark is an important 
insulator against the effects of fire (Pausas 2015) and the observed effects of stem size 
and bark type in our study reflect this: small trees were more likely to be killed, as 
found elsewhere (Catry et al. 2013; Bennett et al. 2016; Denham et al. 2016) and 
certain bark types moderately to substantially increased the likelihood of mortality (Figs 
2.3, 2.6). The reduced likelihood of mortality with increasing stem size may be 
explained by accumulation of bark thickness with stem size/age. Bark thickness 
increases with stem diameter (Lawes et al. 2013), providing larger trees with greater 
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protection from lethal temperatures during fire (Wesolowski et al. 2014). The 
differences across bark types observed in our study therefore likely reflect a 
combination of bark thickness/density and age among species (Wesolowski et al. 2014). 
 Our finding that species with non-compact bark types (fibrous, stringy, rough) 
with fire scars were generally more likely to be killed by fire than those with compact 
bark types (hard, smooth), supports the proposition that resistance traits may influence 
mortality trends in forested landscapes (Gibbons et al. 2008; Brando et al. 2012; Collins 
2020). Dense, thick bark may confer greater resistance to fire scarring and stem 
mortality than lower-density, fibrous bark types in eucalypts (Collins 2020). 
Conversely, thick bark with low density is also known to provide greater resistance to 
mortality than thick bark with high density (Nolan et al. 2020b). Heat transfer from the 
outer bark to the cambium is the key mechanism influencing cambium necrosis 
(Wesolowski et al. 2014) and thus fire scar formation. Fire scars may impair hydraulic 
function by reducing sapwood area and limiting the volume of water that can be 
transported to foliage and growth buds in the crown, thereby increasing the risk of 
resprouting failure and stem collapse (Whitford and Williams 2001). Higher bark 
density and thickness may reduce heat transfer and subsequent risk of fire scar 
development and has been linked to reduced stem damage (Brando et al. 2012). 
However, lower bark density may provide insulation via layering and air pockets that 
reduce damage to the stem (Nolan et al. 2020b). Species with hard bark in our study had 
relatively high bark densities (Boland et al. 2006). Low bark-moisture content may also 
lead to cambium necrosis (Wesolowski et al. 2014), so non-compact bark types may be 
more susceptible to drying and burning than compact bark types, which may retain 
relatively higher moisture in the periderm, delaying cambium necrosis. However, higher 
level of bark moisture may also increase susceptibility to stem damage due to the 
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conductive properties of water (Lawes et al. 2011b). Comparative studies on the effect 
of bark flammability on cambium necrosis are few, although non-compact, stringy bark 
may be more flammable than other bark types (Ellis 2013). Greater consensus regarding 
the influence of bark properties on tree resilience to fire is needed.  
 Aside from the characteristics of trees, their vegetation community and 
associated location in the landscape influence resilience to fire. Mature wet sclerophyll 
forest trees in gullies displayed a high degree of canopy resistance to fire, with most 
trees having low levels of branch mortality. Gullies typically retain higher fuel moisture 
than adjacent ridgetops due to accumulation of soil water and lower insolation produced 
by topographic relief and high foliage cover (Nyman et al. 2015). In addition, trees in 
gullies typically have higher relative crown height compared with trees in ridges 
(Appendix A1.6), reducing the likelihood of canopy scorch or consumption during fire 
(Zylstra 2018; Collins et al. 2019a). Therefore, ecosystem resilience to drought and fire 
is likely higher in WSF than DSF due to the moderation of topoclimatic conditions and 
severity of disturbance. 
 
2.5.2 Consequences for resprouting 
While canopy cover in most resprouting eucalypt forests recovers relatively quickly 
from high-severity fire (generally <5 years; Vivian et al. 2008; Bennett et al. 2016), it 
has been proposed that multiple high severity fires in quick succession could lead to 
longer-term structural or demographic changes, through mortality and a shift from 
epicormic to basal resprouting (Fairman et al. 2019). In our study, smaller dry 
sclerophyll trees on ridgetops were most likely to be stem (up to 56.2%) or base 
resprouters (up to 11.4%; Fig 2.5). This indicates that the ‘escape size’ (Fairman et al. 
2019), which refers to the stem size above which trees are at least 50% likely to resprout 
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epicormically, for trees in Sydney sandstone forests is <10 cm DBH. This threshold is 
considerably lower than in other eucalypt forests (e.g. 20 cm DBH; Fairman et al. 
2019), suggesting that forests of the study region are comparatively more resilient than 
eucalypt forests studied elsewhere. However, there was considerable variation in 
understorey composition in our study (see Appendix A1.2), so it is not clear how pre-
fire shrub density/fuel structure may have influenced fire intensity and thus our results. 
As such, comparisons with other studies where these factors may also be unknown may 
be precluded by this knowledge gap. Nonetheless, smaller trees on ridgetops had 10–
25% greater mortality under high fire frequency compared to low fire frequency, and 
therefore remain vulnerable in our study region. For larger trees, the influence of 
drought and fire on mortality and resprouting position were generally reduced compared 
to smaller trees.  
Populations dominated by species that have: (1) small stem diameters (e.g. due 
to poor-soils or other growth-limiting factors); (2) thin, non-compact bark; (3) previous 
fire damage; and (4) experience high fire frequency could be more vulnerable to a shift 
in resprouting position—and thus community state-changes—given severe drought and 
fire conditions. Also, particular species vary in their response to conditions leading up 
to fire, in turn influencing their fire response. For example, Eucalyptus piperita is 
particularly susceptible to branch death during severe drought (Li et al. 2018), 
demonstrating potential for further variation in post-drought/post-fire topkill rates 
among species. Future studies that focus on these ‘at-risk’ eucalypt populations may be 





2.5.3 Potential future changes to forests 
It is predicted that ecosystem-conversion, e.g. forest to non-forest, may be driven by 
climate-change and extreme disturbance regimes (Bowman et al. 2013; Fairman et al. 
2016). Our findings indicate that severe drought and frequent fire at current levels are 
unlikely to result in major structural changes—such as the loss of mature trees—in the 
eucalypt forests of the Sydney region. Mortality was not elevated for mature trees under 
severe drought and high fire frequency compared to less severe conditions, which is 
broadly consistent with predictions (Bowman et al. 2013) and findings elsewhere (Catry 
et al. 2013). However, the smaller trees on ridgetops had an increased chance of 
mortality under high fire frequency and were also more likely to revert to stem or base 
resprouting. It is important to interpret our findings in the context of recent trends of 
increased fire frequency and drought intensity over the last 20 years. This work was 
conducted prior to the unprecedented 2019/20 bushfires, which swept through our study 
area and are generally accepted to have been exacerbated by chronic drought on top of 
record-breaking temperatures (Nolan et al. 2020a). Such conditions are expected to lead 
to not only more frequent, but also more severe fires. 
Fire severity is known to have contrasting effects on the response of epicormic 
resprouters to fire, whereby eucalypt forests have high resistance to low severity fire 
(Collins et al. 2019b), but must resprout epicormically in response to high severity fire 
(Collins 2019). Consequently, rates of tree topkill tend to be greater following high 
severity fires (Denham et al. 2016). Our study did not consider the severity of fires 
when quantifying fire frequency; thus, it is unclear whether trees were subjected to 
multiple high severity fire events that stimulated a resprouting response. Contrasting 
both low and high fire severity across fire frequency classes in ridgetops and gullies 
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could shed further light on the role of fire severity in mortality and resprouting 
processes for forests in our study region. 
We suggest that Sydney sandstone forests may be at the upper end of overstorey 
resilience and may provide a baseline for other comparative studies. However, it is 
important to interpret our findings in the context of recent global trends of increasing 
drought and associated mega-fires (Boer et al. 2020). Our study was conducted prior to 
the unprecedented 2019/20 fires, which burnt though one-fifth of the eucalypt forest 
biome (Boer et al. 2020) and much of our study area. Continued intensification of 
disturbance regimes may alter the way these forests respond in future. To better 
understand the environmental conditions and vegetation characteristics that promote 
mortality and changes to resprouting position in forests, an integrated approach 
inclusive of landscape variables such as drought and fire, population level phenomena, 
including demographic bottlenecks and distribution of bark types, and species attributes, 













Chapter 3. Resilience of resprouting temperate forests is 
diminished by coupled severe drought and fire  
3.1 Abstract 
Elevated tree mortality and reduced recruitment of new trees linked to drought and fires 
has been reported across a range of forests over the last few decades. Forests that 
resprout new foliage epicormically from buds beneath the bark are considered highly 
resilient to disturbance, but are potentially at risk of elevated mortality, demographic 
shifts and changes to species composition due to synergistic effects of drought and fire. 
However, the effects of drought-fire interactions on such forests remain largely 
unknown. We assessed the effects of drought severity and fire frequency on juvenile 
mortality, post-fire recruitment of seedlings, and replacement of juvenile plants (the 
balance of recruitment minus mortality) following fire. The study compared dry and wet 
temperate forest assemblages across ridge and gully systems, respectively, in southern 
Australia. We found that both dry and wet forests experienced similar, higher rates of 
fire induced juvenile mortality in areas that had experienced severe drought compared 
to moderate drought, though mortality rates were low across all drought and fire 
combinations. This result indicated that topographic heterogeneity found in ridge-gully 
landscapes did little to moderate juvenile mortality when exposed to severe drought plus 
fire. In wet forest, severe drought also reduced recruitment and replacement of dead 
juveniles by post-fire seedlings compared to mild/moderate drought. In dry forest net-
negative replacement increased with the severity of drought. Across both forest types, 
the total pool of juveniles (post-fire seedlings plus resprouting juveniles that survived 
the most recent fire) was reduced under severe drought. Nonetheless, these findings 
suggest that future increases in the frequency of coupled severe drought and fire will 
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likely increase the susceptibility of these resilient temperate forests to major changes in 
structure and function.    
 
3.2 Introduction 
The structure and function of forests are dependent on factors affecting tree 
demography (Bowman et al. 2009; Allen et al. 2015; Cobb et al. 2017). Disturbances 
affect demographic processes such as tree and seedling mortality and recruitment, 
which may reduce the capacity of forests to perform key ecosystem services, such as 
carbon sequestration and provision of water and timber (Van Nieuwstadt 2005; van 
Mantgem et al. 2009; Stevens-Rumann et al. 2018). Although most tree populations 
have inherent resilience and resistance traits that allow them to persist through 
disturbance events, major shifts in disturbance regimes may destabilize populations 
(Allen et al. 2010; Bowman et al. 2014b; Enright et al. 2015). Anthropogenic climate 
change may lead to increases in the frequency and severity of drought and fire (Wotton 
et al. 2010; Clark et al. 2016), which are key disturbance types that affect tree 
demography (Michaelian et al. 2011; Brando et al. 2014; Fairman et al. 2017). Mass 
tree mortality and recruitment failure associated with extreme drought and frequent fire 
have been observed across many forests globally (Allen et al. 2010; Brando et al. 2014; 
Clark et al. 2016), resulting in structural changes and, in extreme cases, ecosystem 
conversion (Moser et al. 2010; Bowman et al. 2013; Allen et al. 2015).  
 Population persistence through fire is dependent on the demographic balance 
between overall adult mortality and juvenile recruitment. The recruitment of new 
juveniles must be sufficient to compensate for losses of both existing juveniles and 
mature trees if populations are to be maintained. The composition of resilience traits 
(e.g. vegetative resprouting, recruitment) and resistance traits (e.g. growing thick stems, 
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tall canopies, deep rooting) that enable persistence (Bond and Midgley 2001; Burrows 
2013; Clarke et al. 2013) determines the demographic balance. In populations of 
obligate seeders, mortality will be high following moderate to high severity fires and 
recruitment will be high, while in populations of resprouters, mortality will be low and 
recruitment variable (Vivian et al. 2008; Clarke et al. 2013; Fairman et al. 2016). Low 
mortality of mature trees in resprouting forests has led to the presumption that such 
forests may not be sensitive to changes in fire regimes (Catry et al. 2013; Matusick et 
al. 2016).   
In contrast to mature trees, juvenile plants in populations of resprouters suffer 
high rates of topkill (death of the above ground component) and mortality in response to 
frequent fire, which may limit the number of recruits successfully completing the 
primary juvenile stage and reaching fire-tolerant size-classes (Prior et al. 2009; Prior et 
al. 2010; Fairman et al. 2017). If mortality of juvenile trees exceeds replacement by 
new recruits, transition from a forest to an alternative state could eventually take place 
(Bowman et al. 2013). Mortality levels facilitating such a transition may require 
decades of frequent high severity fire in resprouting eucalypt forests and would likely 
require external pressures such as drought to increase mortality and reduce recruitment 
(Fensham et al. 2015; Fensham et al. 2017; Collins 2020).  
Severe drought may interact with fire to affect the juvenile pool in a number of 
ways: (i) causing mortality pre-fire (Matusick et al. 2013; Fensham et al. 2017); (ii) 
depleting carbohydrate stores pre-fire and potentially reducing post-fire resprouting 
success (Rosas et al. 2013; Chapter 2); (iii) reducing the availability of canopy-stored 
seed by inhibiting reproduction or causing premature release of canopy stored seed 
(Pook et al. 1997; Misson et al. 2010); (iv) constraining the potential recruitment niche, 
thereby limiting post-fire recruitment or elevating post-fire mortality (Moser et al. 2010; 
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Savage et al. 2013). Thus, severe drought combined with frequent fire could potentially 
diminish the standing pool of juveniles, leading to the development of a recruitment 
bottleneck.  
Topography is a key driver of vegetation heterogeneity in temperate forests via 
its effects on resource gradients, such as soil nutrients and moisture (McColl 1969; 
Poulos and Camp 2010; Zellweger et al. 2015), and on fire behavior (Bradstock et al. 
2010; Collins et al. 2019a). Ridgetop environments are generally dry with low nutrient 
availability, while gully environments retain higher levels of moisture and soil nutrients 
(McColl 1969). Topographic gradients in moisture availability typically drive local 
scale heterogeneity in fire regimes, with gullies usually experiencing patchier and less 
severe fires than ridgetops (Bradstock et al. 2010; Collins et al. 2019a). Gullies 
therefore may buffer vegetation from the effects of drought and fire by providing 
refugia within topographically complex landscapes.  
Temperate forests cover a diverse range of climates that are periodically 
subjected to drought and fire (van Mantgem and Stephenson 2007; Stevens-Rumann et 
al. 2018). Trees from the genera Angophora, Corymbia and Eucalyptus, referred to as 
‘eucalypts’, dominate temperate forests across southeastern Australia and are generally 
resilient to fire, with most species possessing canopy-held seed stores and the capacity 
to resprout epicormically following canopy defoliating fires (Nicolle 2006; Burrows 
2013). Eucalypts have diverse physiological responses to drought (Merchant et al. 2006; 
Merchant et al. 2007a), including well-developed storage organs used for post-
disturbance resprouting (Burrows 2013), conferring resilience under extreme 
disturbance regimes (Collins 2020). Wet sclerophyll forests (WSF) grow in gullies or 
on ridges in higher rainfall areas with fertile soils and support relatively large, tall trees, 
usually with understories of soft-leaved plants and a high proportion of fire- and 
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drought-sensitive species. By contrast dry sclerophyll forests (DSF), which dominate 
ridgetops on poorer soils are typically composed of small-medium sized trees and 
sclerophyllous shrubs (Keith and Benson 1988).  
Our study investigated the effect of antecedent drought and fire frequency on the 
survival and recruitment response of juvenile trees to fire, across two contrasting 
vegetation types (DSF, WSF). Specifically, this study focused on whether the combined 
effect of severe drought and frequent fire is likely to lead to a bottleneck in juvenile 
recruitment. We asked whether: (i) juvenile survival and recruitment was lowest in 
areas exposed to severe drought and frequent fire; (ii) total juvenile abundance was 
lowest in areas exposed to severe drought and frequent fire; (iii) severe drought and 
frequent fire have synergistic effects on juvenile survival and recruitment. We also 
examined whether topographic heterogeneity is driving spatial variation in the effects of 
drought and fire across these forests.  
 
3.3 Methods 
3.3.1 Study area 
The Sydney Basin bioregion contains coastal escarpments and steeply dissected terrain, 
covering approximately 45,000 km². Soils are mainly of low fertility, derived from 
sandstone and shale parent material (DPI 2017). Elevation ranges from sea level to over 
1200 m. Mean annual temperature and rainfall ranges between 11°C–18°C and 600 mm 
to 1500 mm, respectively, as a function of both altitude and distance from the coast. 
DSF dominates ridgetops and WSF dominates gullies, with most forested land 
occurring within the National Park estate (see Appendix A1.1 for details on vegetation 
types). Since reliable fire history records began in the 1960s, most sclerophyll forests in 
the study region have burned 1–3 times, with a smaller proportion (~10%) burning in 
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excess of three times (Hammill et al. 2013). Typical fire intervals are between 5–20 
years in DSF and 20–100 years in WSF and fires are generally of mixed fire severity 
(Murphy et al. 2013). Fires occurring at very short intervals (<5 years) are likely to 
result in changes to forest structure, when compared to areas burnt at longer intervals 
(Arno and Allison-Bunnell 2002; Lewis et al. 2012; Cawson et al. 2017). Large areas of 
forest burned across greater Sydney in 1993/94, 2001–03, 2006/07, 2013/14 and again 
in 2019/20 following our study, with a number of smaller fire seasons in between.  
 
3.3.2 Fire history 
To control for time since fire, the study focused on four areas burnt by large fires in 
October 2013. The fires occurred in four different sub-regions across the Sydney Basin, 
with two sub-regions experiencing mild/moderate drought (MD) and two experiencing 
severe drought (SD; Fig 3.1). Fire frequency was calculated for each sub-region as the 
number of fires in the 20-year period that occurred between 1993 and 2013 and 
categorized as low (1–2 fires; LF) or high (3 or more fires; HF). Widespread fires 
during the 1993/1994 summer provided spatially-extensive opportunities for examining 
areas burnt in subsequent fires. Fire history data were obtained from the New South 




Figure 3.1 Composite image of the study region showing site locations (DSF = small black 
circles; WSF = stars), pre-fire drought severity and fire frequency combinations (colour shading) 
within the Sydney Basin bioregion (panel A). Sites were clustered within four sub-regions (large 
black ellipses). Panel B shows location of Sydney Basin bioregion (magenta shading) within the 
context of Australia. Pre-fire drought severity was determined by calculating 6-monthly the 
Standardized Precipitation-Evapotranspiration Index (SPEI) for October 2013. Fire frequency 
was calculated between June 1993 – December  2014 (low £ 2 fires; high ³ 3 fires).  
 
3.3.3 Drought severity 
Drought severity was quantified by using the Standardized Precipitation-
Evapotranspiration Index (SPEI, Vicente-Serrano et al. 2010). SPEI is an index of the 
climatic water balance (precipitation minus potential evapotranspiration based on 30 
years of gridded monthly weather data) expressed as the number of standard deviation 
units from average values based on the previous 30 years. Negative SPEI values 
indicate increased water deficit relative to long-term conditions, while positive values 
indicate surplus water availability relative to long-term conditions. We calculated SPEI 
at a 6-monthly time scale, which is sufficient for detecting drought stress in temperate 
eucalypt forests (Pook 1986; Pook et al. 1997). Slette et al. (2019) suggest SPEI values 
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between -1 and +1 can be treated as falling within the range of normal climatic 
variability, while values below -1 represent progressively more severe drought 
conditions; however, values at or below -0.5 have been considered to be representative 
of drought conditions in temperate Australia (Ma et al. 2015). We partitioned sub-
regions in our study into either mild/moderate drought (MD; SPEI = 0 to -1.4) or severe 
drought (SD; SPEI = < -1.4). This threshold was chosen as it divided the study area into 
two approximately equal-sized and climatically coherent regions, each contain 
substantial DSF and WSF populations. For example values below -1.4 were restricted to 
typically drier, warmer areas at lower elevation in the north-west of the study region 
while values above -1.4 occurred along the coastal fringe and in cooler areas with 
higher elevation (Fig 3.1).  
In the six months preceding the 2013/14 fire season, drought severity varied 
considerably within the study region, with fires in the northern sub-regions burning 
under severe drought and fires in the southern sub-regions burning under mild/moderate 
drought (Fig 3.1). Most areas returned to low drought/normal conditions in the six 
months following October 2013. For each sub-region, SPEI was calculated at 0.05° x 
0.05° resolution for the 6-month period prior to and after the 2013 fire. Field sites were 
only placed in areas where post-fire SPEI had returned to normal/near normal. Thus, 
there was substantial variability in pre-fire drought severity and minimal variation in 
post-fire drought conditions. Climatic data used to calculate SPEI was obtained from the 
SILO database (SILO 2019). SPEI was calculated using the ‘SPEI’ package in R 




3.3.4 Study design 
The study design incorporated drought severity (MD; SD), fire frequency (LF; HF) and 
vegetation type (DSF; WSF) in a fully factorial manner, with 14 replicate sites per 
treatment combination (n = 112). The 112 sites were evenly distributed across the four 
sub-regions (28 sites per sub-region) to obtain sufficient spatial variability in drought 
severity (Fig 3.1). Sub-regions occupied narrow bounds of mean annual temperature 
and rainfall (±2°C and 200 mm across sites within each sub-region) to control for 
climatic variability. All DSF sites were last burnt at moderate-high severity, with a high 
amount of scorching and consumption of canopy foliage (canopy 70–100% burnt; 
severity classes 3–5, Hammill & Bradstock 2006), whereas all WSF sites were burnt at 
low-moderate severity, with a mix of unburnt and scorched canopy foliage (canopy 
<70% burnt; severity classes 1–2, Hammill & Bradstock 2006). Our study did not 
consider the severity of antecedent fires when quantifying fire frequency, so it is unclear 
whether trees were subjected to multiple high severity fire events prior to the fires in the 
2013/2014 fire season. Because the topography of the study region limits the prevalence 
of high severity fires in gullies (Bradstock et al. 2010), fire severity could not be 
matched between vegetation types. Consequently, we have contrasted the ‘common’ 
fire severity patterns between vegetation types: high severity in DSF and low/moderate 
severity in WSF (Bradstock et al. 2010). 
All data was collected between February 2018 and July 2018. A 50 m x 5 m plot 
was established at each site following established forest measurement protocols 
(McElhinny et al. 2006; McElhinny et al. 2005). DSF plots were confined to the top of 
ridges along contours, whereas WSF plots were confined to gully bottoms or lower 
slopes, adjacent to creeks along contours (see Appendix A1.2 for examples of typical 
sites). Plot aspect was consistently varied between sites to minimize aspect bias. Plots 
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were placed at least 50 m from roads and trails to avoid edge effects and at least 300–
500 m apart to reduce the effect of spatial autocorrelation. 
 
3.3.5 Field methods 
All juvenile trees between 2.5 and 10 cm diameter at breast height over bark (DBH) 
were identified and individually measured within the 50 m x 5 m plot. Species were 
identified using the keys provided by Klaphake (2012) and Brooker and Kleinig (1999). 
Juvenile stems that arose from dead stems >10 cm DBH were included, while juvenile 
stems that arose from live stems >10 cm DBH were not included, i.e. when trees were 
multi-stemmed, the largest living stem was used to determine that maximum DBH. 
When stems were closely-spaced, a 1 m x 0.004 m steel rod was used to probe between 
stems to determine whether they were connected by a sub-surface lignotuber. When 
there was uncertainty around whether a juvenile was a new post-fire seedling or a 
surviving resprout (Fig 3.2), the base of the stem was excavated of soil and manually 
checked for lignotuber presence.  
DBH of each stem was measured over bark at 1.3 m above the ground on the 
uphill side of the tree. Mortality was defined as a dead standing stem or downed 
stem/associated stump representing an individual that had died due to the most recent 
fire (Fig 3.2). Stumps and downed stems were only included if they met certain criteria: 
(a) determined to be a product of the most recent fire based on criteria described by 
Gordon et al. 2018 and Roxburgh et al. 2006; (b) had most likely been felled via fire 
scar formation and collapse, evidenced by a fire scar/break point. Mortality of juveniles 
smaller than 2.5 cm DBH was unable to be determined, as charred stems in this size-




Figure 3.2 Diagram showing trees in various size-classes and potential effects of fire on 
mortality, recruitment and replacement among size-classes. 
 
3.3.6 Data analysis  
We fitted Bayesian regression models to analyse the influence of fire frequency and 
drought severity on each of the following response variables: the probability of juvenile 
mortality; the number of post-fire seedlings; the post-fire replacement balance (number 
of seedlings minus the number of dead juveniles); and the total post-fire juvenile 
abundance (number seedlings plus the number of surviving resprouts). For all models, 
the single predictor was a four-level categorical variable giving the combination of fire 
frequency (low versus high) and drought severity (mild/moderate versus severe).  
 Juvenile mortality was modelled as a Bernoulli process via a logit-link function. 
A weighting term was included to account for different plot sizes between standing 
stems and downed stems. The number of post-fire seedlings was modelled as following 
a negative binomial distribution parameterized in terms of mean and dispersion. A 
hierarchical model was fitted in which, for each combination of drought and fire classes, 
the priors for distribution parameters were informed by overall priors. We chose this 
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model structure to ensure more reliable inferences given the relatively small number of 
sites within each combination of fire and drought classes, and the occurrence of several 
large outlier values in the data. Since the fitted negative binomial distributions could be 
strongly right-tailed, we monitored posterior median values rather than posterior means. 
The model for post-fire replacement balance followed a similar hierarchical structure as 
that for the number of post-fire seedlings. However, since the data included negative 
values, it was treated as continuous and modelled using a location-scale t-distribution, 
with the mean and standard deviation parameters specific to each drought and fire 
combination, and a global shape parameter learned by the model to reduce the influence 
presence of several large outliers in the data. While this method monitored posterior 
means rather than posterior medians, it shared the same intent as in the other models, 
i.e. to obtain an estimation of the central tendency/most likely values. 
 Models were fitted via Markov Chain Monte Carlo using R version 3.5.0 (R 
Core Team 2019). The juvenile mortality model was fitted using the brms package 
(Bürkner 2018). The models of post-fire seedlings and post-fire replacement balance 
were fitted using the JAGS program  (Plummer 2003) via the runjags package 
(Denwood 2016).  
 For each model, we sampled four Markov chains, each consisting of at least 
5000 model iterations. We assessed model convergence using the diagnostic of Gelman 
and Rubin (1992) and checked for acceptable levels of serial autocorrelation. Separate 
Markov Chains for each model were then combined into a matrix of samples from the 
joint posterior distribution of model parameters, which we subsequently used to derive 
predictions of probabilities/tree count per site among the treatments (Kruschke 2015; 
Suzuki 2019). We then calculated the difference between selected comparisons by 
arithmetically generating a distribution of differences that could be used to inform 
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interpretation of the magnitude of differences among treatment combinations. Hence, 
these calculations are referred to in the results as ‘median posterior difference’, i.e. the 
median value of summarised difference calculations. Credible intervals were calculated 
as highest posterior density intervals (HPDI), in order to display the central 50% of 
model predictions and lower/upper 95% bounds of model predictions. 
Data for all models, with the exception of the juvenile mortality model, were 
aggregated by site (DSF, n = 56; WSF, n = 56). The data and R scripts used to generate 
the results are provided online in a data repository (https://github.c-




3.4.1 Juvenile mortality 
In dry sclerophyll forest, mortality was most likely under severe drought and low fire 
frequency, followed by severe drought and high fire frequency (Fig 3.3a). Mortality was 
less likely under mild/moderate drought and was similar across both fire frequency 
classes (Fig 3.3a). When fire frequency was low, severe drought increased the 
likelihood of mortality by 11.6% compared to mild/moderate drought, whereas when 
fire frequency was high, the corresponding increase was 3.2%.  
In wet sclerophyll forest, mortality was most likely under severe drought and 
was similar across both fire frequency classes (Fig 3.3b). Mortality was less likely under 
mild/moderate drought and was similar across both fire frequency classes (Fig 3.3b). 
When fire frequency was low, under severe drought the likelihood of mortality was 
higher by 5.7% compared to mild/moderate drought. When fire frequency was high, the 




Figure 3.3 The effect of drought severity and fire frequency on the probability of mortality for 
juveniles  (2.5–10 cm DBH) in dry sclerophyll forest (DSF; panel a) and wet sclerophyll forest 
(WSF; panel b) of the Sydney Basin. X-axis indicates drought severity / fire frequency 
combination (MD = mild/moderate drought; SD = severe drought; LF = low fire frequency; HF = 
high fire frequency); colours correspond to treatment combinations; boxes and whiskers 
represent credible intervals for model predictions, where boxes represent the central 50% of 
posterior samples and whiskers represent upper and lower 95% bounds. 
 
3.4.2 Recruitment and replacement balance 
In dry sclerophyll forest, the number of post-fire seedlings per site was higher under 
severe drought and high fire frequency than any other drought-fire combination. 
Compared with low fire frequency sites, the number of new seedlings per site was 
higher under high fire frequency under severe drought, but lower under mild/moderate 
drought (Fig 3.4a). In wet sclerophyll forest the number of new seedlings per site was 
highest under mild/moderate drought and high fire frequency and was zero under all 
other drought/fire combinations (Fig 3.4b). While high fire frequency had a positive 
effect on the number of new seedlings per site under mild/moderate drought (Fig 3.4b) 
this effect was lost under severe drought, e.g. severe drought resulted in a lower number 
of new seedlings compared to mild/moderate drought, by 7 (Fig 3.4b). 
 
(a)                                                                    (b) 
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In dry sclerophyll forest, the number of dead juveniles per site was higher under 
severe drought than mild/moderate drought (Fig 3.4c). There were approximately 
double the number of dead juveniles per site under severe drought compared to 
mild/moderate drought (Fig 3.4c). In wet sclerophyll forest, the number of dead 
juveniles per site was very low across all treatments (e.g. <1 dead juvenile per site; Fig 
3.4d), with little difference across drought severity or fire frequency categories (Fig 
3.4d). 
In dry sclerophyll forest, the replacement of dead juveniles by post-fire 
seedlings was similar in all drought/fire combination, except under severe drought and 
low fire frequency, where replacement was negative (i.e. a mean net loss; Fig 3.4e). 
When fire frequency was low, severe drought resulted in lower replacement by a 
median of 12 trees per site relative to mild/moderate drought (Fig 3.4e). In contrast to 
sites with low fire frequency, under high fire frequency, severe drought had little effect 
on replacement (net gain <1.5 tree per site), but there was much greater variability in 
replacement per site (Fig 3.4e). In wet sclerophyll forest, the replacement of dead 
juveniles by post-fire seedlings was highest under mild/moderate drought and high fire 
frequency and effectively zero under all other drought/fire combinations (Fig 3.4f). 
High fire frequency had a positive effect on replacement under mild/moderate drought, 
with higher replacement by 8.5 juveniles per site, although this effect was negligible 
under severe drought (Fig 3.4f). 
The probability of decline, estimated as the proportion of posterior median 
replacement values fitted by the model that were less than zero, was substantial under 
severe drought combined with low fire frequency (approx. 92%) but considerably lower 
under all other drought/fire combinations (29–40%). In wet sclerophyll forest, the 
probability of decline (median predicted replacement <0) was very low under 
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mild/moderate drought and high fire frequency (<0.5%). Under all other drought/fire 
combinations the probability of decline was substantial (49.5–77%). 
 
Figure 3.4 The effect of drought severity and fire frequency on the predicted count of post-fire 
seedlings (panels a & b), dead juveniles (panels d & c) and replacement (panels e & f) per site 
in dry sclerophyll forest (DSF; top row) and wet sclerophyll forest (WSF; bottom row) of the 
Sydney Basin. X-axis indicates drought severity / fire frequency combination (MD = 
mild/moderate drought; SD = severe drought; LF = low fire frequency; HF = high fire frequency); 
points are raw data and colours correspond to treatment combinations; boxes and whiskers 
represent credible intervals for model predictions, where boxes represent the central 50% of 
posterior samples and whiskers represent upper and lower 95% bounds. Scaling of y-axis 
intended to empahasise predictions, resulting in raw data points lying above the plot window. 
Number of missing points per treatment combination is given in the same order as they appear 
on panels from left to right; panel (a): 3, 1, 1, 5; (b): 2, 6, 0, 1; (c): 0, 1, 6, 3; (d): 2, 1, 0, 0; other 
panels: nil 
 
3.4.3 Juvenile abundance 
In dry sclerophyll forest, post-fire abundance of live juveniles (post fire seedlings plus 
surviving resprouts) per site was highest under mild/moderate drought, being similar in 
both fire frequency classes (Fig 3.5a). Post-fire abundance of live juveniles per site was 
(a)                         (c)          (e) 
(b)                         (d)          (f) 
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slightly lower under severe drought and high fire frequency and lowest under 
mild/moderate drought and low fire frequency (Fig 3.5a). Relative to moderate drought, 
under severe drought reduced median juvenile abundance: i.e. 16 and 79 fewer 
individuals per site under high fire frequency and low fire frequency respectively (Fig 
3.5a). High fire frequency, compared with low fire frequency, resulted in higher median 
juvenile abundance (62 individuals per site) under severe drought but there was no 
difference under mild/moderate drought (Fig 3.5a). 
 In wet sclerophyll forest, post-fire abundance of live juveniles (post fire 
seedlings plus surviving resprouts) per site was higher under high fire frequency in both 
drought severity classes and similarly low under low fire frequency in both drought 
severity classes (Fig 3.5b). While high fire frequency had a positive effect on juvenile 
abundance under both drought treatments (Fig 3.5b), severe drought resulted in lower 
juvenile abundance compared to mild/moderate drought, by 5 juveniles under low fire 





Figure 3.5 The effect of drought severity and fire frequency on the predicted count of live 
juveniles (post-fire seedlings plus surviving resprouts) per site in dry sclerophyll forest (DSF; 
panel a) and wet sclerophyll forest (WSF; panel b) of the Sydney Basin. X-axis indicates 
drought severity / fire frequency combination (MD = mild/moderate drought; SD = severe 
drought; LF = low fire frequency; HF = high fire frequency); points are raw data and colours 
correspond to treatment combinations; boxes and whiskers represent credible intervals for 
model predictions, where boxes represent the central 50% of posterior samples and whiskers 
represent upper and lower 95% bounds. Scaling of y-axis intended to empahasise predictions, 
resulting in raw data points lying above the plot window. Number of missing points per treatment 
combination is given in the same order as they appear on panels from left to right; panel (a): 3, 
3, 0, 3; (b): 3, 9, 0, 2. 
 
3.5 Discussion 
Our findings suggest that recent combinations of severe drought and fire are likely to 
have diminished the pool of juvenile trees across two broadly distributed eucalypt forest 
communities in southern Australia. The decline in the juvenile pool was driven by 
increased fire-related mortality under severe drought conditions, rather than by a 
reduction in seedling recruitment. In contrast to expectations, frequent fire in the 
preceding decades leading up to severe drought and fire in 2013 did not produce 
negative, synergistic effects on juvenile mortality, replacement or total post-fire 
abundance. On the contrary, high fire frequency may have offset the effect of severe 
drought in 2013, bolstering the number of juveniles, as reflected in the higher post-fire 
(a)                                                                   (b) 
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juvenile abundance compared to sites with low fire frequency. Increased juvenile 
abundance in this context, however, likely corresponds with elevated mortality in 
mature trees (Fairman et al. 2019; Chapter 2). Numbers of post-fire seedlings at our 
study sites likely experienced natural thinning between the fire in 2013 and sampling 
period in 2018, though seedling densities generally stabilise after ~5 years following 
fire in resprouting eucalypt forests (McCaw and Middleton 2015).  
It is important to note that juvenile mortality was probably underestimated in our 
study due to the likelihood that a proportion of dead stems <2.5 cm DBH were not 
counted due to consumption by fire or being indistinguishable from other dead plant 
genera. Thus, replacement of dead juveniles by post-fire seedlings is likely to have been 
net-negative rather than close to zero in many cases. Both forest types in our study may 
therefore experience declines in tree recruitment due to the degree of unviable future 
populations, given similar or worse drought conditions to those studied here. Severe 
drought and extreme fire regimes are known to be increasing mortality rates of mature 
trees in forests similar to those in our study and other forests globally (Allen et al. 2010; 
Brando et al. 2014; Fairman et al. 2017). Thus, our findings have important 
implications for the persistence and condition of temperate forest assemblages in future. 
These results are indicative of a broader global trend of forest decline and state 
conversion due to increasing drought and/or fire frequency (Savage et al. 2013; Brando 
et al. 2014).  
Contrary to our predictions, the probability of juvenile mortality was similar 
between dry sclerophyll species and wet sclerophyll species, suggesting that 
topographic heterogeneity in ridge-gully systems may not moderate the effects of 
drought and fire on mortality. Also contrary to our predictions, recruitment of post-fire 
seedlings in dry sclerophyll forest was promoted by severe drought and high fire 
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frequency, albeit with increased variability, when compared to mild/moderate drought 
(Fig 3.4a). One explanation for this may be that environmental constraints, such as 
drought, can increase flowering synchronicity in some tree species and thus pollination 
efficiency (Bogdziewicz et al. 2017). Note, however, that subsequent seed production 
may be reduced by drought (Bogdziewicz et al. 2017). It might be possible that 
drought-adapted eucalypts increase flowering synchronicity during drought and manage 
to produce and retain seed. Research is lacking in this area. Another possible contributor 
might be relatively high shrub mortality during severe drought (Pratt et al. 2014) and 
with frequent fires (Bradstock and Myerscough 1988; Bradstock and Bedward 1996), 
reducing competition with post-fire eucalypt seedlings. If drought-adapted trees such as 
DSF species are able to increase flowering synchronicity due to drought, and maintain 
relatively high seed production, then they may be able take advantage of increased 
resources via elevated shrub mortality or impoverished shrub reproduction.  
3.5.1 Juvenile mortality 
Our results indicated that severe drought and fire may increase the potential for juvenile 
mortality in temperate forests (van Mantgem et al. 2009; Brando et al. 2014; Fairman et 
al. 2017). With reproductively-immature trees at increased risk from coupled drought 
and fire, forest resilience may decrease in future, leading to changes in species 
composition (biased toward more tolerant species, Brando et al. 2014) or a shift toward 
a non-forest state (see Bowman et al. 2013; Moser et al. 2010).  
The combined effect of severe drought and fire on juvenile mortality in our 
study indicated that severe drought reduced the capacity of juveniles to survive fire, 
killing trees that may never have been exposed to fire, but also trees that survived one or 
more fires. Mass drought-induced mortality in forest trees has been reported globally 
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across varying forest types (e.g. temperate, tropical, Mediterranean, Allen et al. 2010), 
with up to 25% mortality reported in eucalypt forests in southwestern Australia 
(Matusick et al. 2013). Frequent fire can also reduce the capacity of some eucalypt 
species to resprout epicormically, making them more susceptible to mortality during 
future fires (Fairman et al. 2019). For example, up to 80% mortality has been reported 
for more sensitive sub-alpine eucalypt communities following three fires at short-
intervals (Fairman et al. 2017). Although resprouting forests have been considered 
highly resilient to disturbance (Catry et al. 2013), overall mortality can be as high as 
25% following a single high-severity fire (Prior et al. 2016) and juvenile mortality as 
high as 40% following multiple fires (Collins 2020). Our estimates of mortality are 
more conservative than the aforementioned studies but nevertheless suggest that 
juvenile trees inhabiting drier ridgetop environments are likely to experience mortality 
rates as high as 15% under severe drought (Fig 3.3a), 11–12% greater than under 
mild/moderate drought. Similarly, juvenile trees inhabiting moist gully environments 
are likely to experience mortality rates as high as 10% under severe drought (Fig 3.3b), 
compared with 3-4 % under mild/moderate drought. 
 
3.5.2 Recruitment 
In our study, recruitment of post-fire seedlings in dry sclerophyll forest was highest 
under severe drought and high fire frequency (Fig 3.4a). In company with our mortality 
estimates, this result suggests that increased juvenile mortality under severe drought 
plus fire promoted increased establishment of new seedlings, presumably via 
mechanisms such as increased resource availability and release from competition 
(Vivian et al. 2008). However, if this were the case, we would expect similar or higher 
levels of recruitment under severe drought and low fire frequency, principally because 
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juvenile mortality was highest in that category for our study (Figs 3.3a & 3.4a). One 
possibility for this anomaly is that forests have high resistance to low severity fire 
(Collins et al. 2019b), but must resprout to survive high severity fire (Collins 2019). 
Consequently, rates of stem mortality tend to be greater following high severity fires 
(Denham et al. 2016). Our study did not consider the severity of fires when quantifying 
fire frequency, so it is unclear whether sites were subjected to multiple high severity fire 
events. Contrasting both low and high fire severity across fire frequency classes in 
ridgetops and gullies could shed further light on the role of fire severity in moderating 
the flux of mortality and recruitment. 
Wet sclerophyll forest contrasted with dry sclerophyll forest by having low 
numbers of post-fire seedlings overall (Fig 3.4b), while numbers of surviving resprouts 
were also much lower (see Appendix B1.1). Further, total post-fire juvenile abundance 
was clearly reduced by severe drought in both fire frequency classes (Fig 3.5b). This 
suggested that recruitment of these relatively more sensitive species may be inherently 
low and that severe drought has the capacity to kill off a proportion of persisting 
juveniles that may have survived given fire alone. Such reductions in recruitment under 
severe drought may be driven by loss of seed production and germination failure 
(Suarez and Kitzberger 2008; Clark et al. 2016). As a consequence, gullies in drought-
affected regions that are burnt may not effectively recruit new trees. On the other hand, 
mass recruitment may not always be required in gully environments to sustain 
populations, given that overstory mortality was generally low. For example, survival of 
mature trees in gullies at our study sites was very high and >75% either resprouted from 
the canopy branches or had canopies that were unaffected by fire (see Chapter 2). 
Nonetheless, frequent, severe drought and associated limitations on recruitment may 
have forest management implications in future. Gully environments have been 
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identified as flora and fauna survival refugia during and following fires (Meddens et al. 
2018), but during drought and severe fire-weather conditions, such refugia may not be 
effective at limiting the severity of fires (Collins et al. 2019a). 
3.5.3 Potential ecosystem changes 
It is predicted that climate-change and extreme disturbance regimes will drive 
ecosystem-conversion (Bowman et al. 2013; Fairman et al. 2016). Increased mortality, 
along with reduced regeneration and recruitment, could ultimately lead to major 
changes in forest composition in the long term (Fairman et al. 2016). Our data indicated 
that coupled severe drought and fire have the potential to reduce the overall abundance 
of post-fire seedlings and persistent, surviving juveniles within the extensive eucalypt 
forests of eastern Australia. Given the longevity of individual trees (e.g. 200–4000 
years; Nicolle 2006) and the relatively low mortality rates in our study (<15%), decades 
of continued severe disturbance would probably be required to facilitate major 
demographic changes in these resilient forests, as has been suggested elsewhere (see 
Collins 2020). However, it is important to interpret our findings in the context of recent 
global trends of increasing drought and associated mega-fires (Boer et al. 2020). These 
events suggest that a major shift in disturbance regimes are occurring. For example, the 
2019/20 fire season in Australia saw an unprecedented ~7 million hectares of forest 
burn, 21% of the extant eucalypt forest biome (Boer et al. 2020). Our study was 
conducted prior to the 2019/20 fires, which swept through our study area and are 
generally accepted to have been exacerbated by chronic drought on top of record-
breaking temperatures (Nolan et al. 2020a). Changes in disturbance regimes of this 
magnitude or greater will challenge forest resilience paradigms and may be sufficient to 
cause recruitment bottlenecks in future.  
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Chapter 4. Beneficial effects of elevated atmospheric [CO2] on 
tree seedling growth are reduced under drought-like conditions 
in temperate vegetation types 
4.1 Abstract 
Atmospheric [CO2] is increasing at an unprecedented rate and is expected to increase 
further without abatement of CO2 emissions from human activities. It has been 
suggested that elevated atmospheric [CO2] (‘eCO2') will alter the species composition 
within vegetation types by favoring growth (i.e. eCO2 ‘fertilization’) of some plant 
species over others, such as the advancement of woody species in terrestrial 
environments. However, other climate change effects, such as increased frequency and 
severity of drought, may reduce eCO2 benefits to plant growth. The response of many
common, widespread species to climate change is not currently known, or if responses 
will vary in-step with inherent climatic variability experienced across ecosystem types. 
We grew nine species of southeastern Australian eucalypts indicative of three regional 
vegetation types (representing a mesic–xeric ecosystem gradient) under two CO2 
concentrations (400 ppm; 640 ppm, i.e. eCO2) and two watering regimes (well-watered; 
drought-like conditions) in sun-lit glasshouse chambers. We found that eCO2 increased 
biomass accumulation but that drought-like conditions reduced this effect, with species 
from a mesic vegetation type (wet sclerophyll forest) faring worst. eCO2 increased the 
size of lignotubers in the absence of drought. Typical drought responses, such as 
increased leaf mass per unit area (LMA) and increased root mass ratio, were highest in 
species from xeric vegetation types (e.g. grassy woodland) and were reduced under 
eCO2, indicating physiological adaptation to drought and potential benefits for some 
species under future climate change. Seedling growth and resprouting may be enhanced 
by eCO2, which suggests continued dominance of resprouting functional-types in 
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disturbance-prone ecosystems, although severe drought is likely to offset the beneficial 
effects of eCO2. 
 
4.2 Introduction 
Atmospheric [CO2] is now higher than at any time during at least the last 800,000 years 
and anthropogenic activities are the main cause of increasing [CO2] and associated 
climate change (IPCC 2014). Future increases in climatic extremes such as drought, 
could have consequences for forested ecosystems (Liu et al. 2019). eCO2 is 
hypothesized to lead, directly, to changes in ecosystem structure and function by 
favoring some plant taxa over others (Bond 2000; Macinnis-Ng et al. 2011; Buitenwerf 
et al. 2012). However, there is still uncertainty around the interactive effects of eCO2 
and changes in climate, e.g. antagonistic effects may limit eCO2 benefits to plants 
(Duursma et al. 2011; Franks et al. 2013; Duan et al. 2014; Zeppel et al. 2015). Most 
research has focused on just one or a few species, usually those of commercial interest 
(e.g. Duursma et al. 2011; Lewis et al. 2013). Hence, there is a need for experiments to 
address the effects of eCO2–climate interactions among contrasting vegetation 
communities found in natural landscapes, so that predictions can be made about 
vegetation responses to global change (Ghannoum et al. 2010a; Franks et al. 2013). 
eCO2 has been identified as a key driver of landscape greening and increased 
woody biomass across a range of ecosystems globally over the past few decades 
(Andela et al. 2013; Donohue et al. 2013; Zhu et al. 2016). eCO2 may increase the 
growth of woody plants via the direct enhancement of photosynthesis in C3 species (i.e. 
CO2 fertilisation; Atwell et al. 2007; Eamus and Palmer 2007; Roden and Ball 1996) or 
indirectly by increasing plant water use efficiency and ecosystem water availability 
(Polley et al. 1997). Many studies investigating the effects of eCO2 show strong 
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positive responses such as significant increases in growth rate (Hovenden and Williams 
2010) and biomass (e.g. 41–108%, Poorter and Nagel 200; Atwell et al. 2007; Roden 
and Ball 1996). Enhanced growth of seedlings and saplings under eCO2 may lead to 
faster establishment and increase the chances of plants reaching maturity, thereby 
facilitating population growth (Bond 2000). Elevated CO2 may also accelerate 
investment in storage organs such as lignotubers (woody mass at the base of the stem 
containing growth buds) and coarse roots (structural roots >2 mm diameter, Zhang and 
Wang 2015), increasing the resilience of young plants to disturbance (Hoffman et al. 
2000; Bond and Midgley 2012).  
Other climate change effects, such as increased drought, have been linked with 
observations of elevated plant mortality and demographic shifts, with evidence gathered 
from every forested continent on Earth (Allen et al. 2010; Brando et al. 2014; Cobb et 
al. 2017; Fairman et al. 2019). It is predicted that climate change and associated 
changes to disturbance regimes may lead to the conversion of forest to non-forest 
biomes (Bowman et al. 2013). Forests typically considered resilient to change may be 
vulnerable to severe drought, e.g. through loss of canopy cover and increased mortality 
(Matusick et al. 2013). Plants have a range of physiological mechanisms and traits that 
enable them to cope with drought, with species from more xeric environments likely to 
have better-developed drought adaptations than species from more mesic environments 
(Merchant et al. 2006; Merchant et al. 2007a). Xeric environment adaptations include 
increased root to shoot mass ratio (RMR) to maximize water uptake while decreasing 
water loss (Brunner et al. 2015) and increased leaf mass per unit area (LMA) to 
conserve resources and reduce wilting (Poorter et al. 2009). Low-LMA species are 
generally associated with faster growth and resource acquisition (e.g. higher 
productivity, mesic environments), while high-LMA species are generally associated 
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with more conservative growth and persistence (e.g. lower productivity, xeric 
environments; Poorter et al. 2009). It is suggested that eCO2 may alleviate drought 
stress by allowing sufficient gas exchange to continue during drought via reduced 
stomatal conductance and increased water use efficiency (Atwell et al. 2007; Lewis et 
al. 2013). Whereas eCO2 may increase leaf water potential in some species (Atwell et al 
2007), water limitation can also decrease specific leaf area (Roden and Ball 1996), 
assisting survival during drought through limiting transpirational water loss. The 
response of different vegetation types to the beneficial effects of eCO2 in conjunction 
with detrimental effects of drought remains uncertain, with variable results evident 
across a range of biomes (Duan et al. 2014).  
In Australia, eucalypts (including the sub-genera Corymbia, Angophora and 
Eucalyptus) dominate most forest and woodland communities (Nicolle 2006). Eucalypts 
inhabit a diverse range of climates (e.g. arid, moist, alpine, Keith 2004), have diverse 
physiological responses to eCO2 and drought (Merchant et al. 2006; Merchant et al. 
2007a), well-developed storage organs used for post-disturbance resprouting (Burrows 
2013) and are highly resilient to major structural changes under extreme disturbance 
regimes (Collins 2020). Most eucalypts are ‘resprouters’, able to produce new foliage 
from the canopy or main stem via epicormic buds beneath the bark and/or from the 
basal area via below-ground lignotuber buds (Nicolle 2006; Burrows 2013).   
Eucalypts from xeric communities maintain better osmotic balance (Merchant et 
al. 2006) and higher stomatal conductance under water-stress than mesic eucalypts 
(Ngugi et al. 2004). Thus, such species may be better able to take advantage of eCO2 
under drought conditions by maintaining higher relative growth rates. eCO2 may 
facilitate greater allocation of non-structural carbohydrates to storage organs such as 
lignotubers and roots, which resprouting species such as eucalypts utilise following 
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disturbance (Hoffman et al. 2000). Plants with larger lignotubers are more likely to 
successfully resprout (Walters et al. 2005; Wigley et al. 2009; Borzak et al. 2016). 
Thus, understanding changes in biomass, resource acquisition and storage traits to eCO2 
among species from a range of environments and the degree to which these responses 
are modified by drought-like conditions, is important to gain insights into potential 
future changes across a range of eucalypt-dominated plant communities. 
This study investigated the responses of common Eucalyptus species when 
grown under two levels of [CO2] (elevated versus ambient) in combination with two 
levels of moisture availability (well-watered versus drought-like conditions). To gain 
insight into community-level responses to future climate change, we compared 
indicative species of several widespread, contrasting southeastern Australian vegetation 
types: wet sclerophyll forest (WSF), a mesic type; dry sclerophyll forest (DSF), a 
moderately xeric type; and grassy woodland (GW), a strongly xeric type. Specifically, 
we asked whether eCO2 has beneficial effects on biomass components (e.g. above-
ground, below-ground), resource acquisition traits (e.g. LMA, RMR), and the storage 
capacity of resprouting organs (e.g. lignotuber size), and whether any such beneficial 
effects are modified by drought-like conditions at the community-level. 
4.3 Methods 
4.3.1 Experimental design 
Indicative species of the three widespread southeastern Australian forest types (Keith 
2004) were chosen for the experiment, with E. viminalis, E. fastigata and C. maculata 
representing WSF; Eucalyptus sieberi, E. pilularis and Corymbia gummifera 
representing DSF; and E. melliodora, E. blakelyi and E. bridgesiana representing GW. 
Each species chosen was common and widespread within their respective vegetation 
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types (see Brooker & Kleinig 1999; Boland et al. 2006). Seedlings were raised as 
standard tube stock by Greening Australia (Western Sydney University, Hawkesbury 
Campus) from provenance-based, wild-collected seed acquired from the coast, ranges 
and tablelands of southeastern Australia. Seedlings were initially grown in low-light 
conditions (poly tunnel/shade house) under ambient CO2 (aCO2, i.e. 400 ppm and well-
watered conditions for three months commencing 18 July 2017. Following this 
establishment period, seedlings were transplanted into PVC pots (diameter of 150 mm, 
height of 400 mm), each of which contained 10 kg of free-draining alluvial topsoil, with 
drainage holes to allow water free passage through the pots and plastic mesh to prevent 
soil loss through drainage holes.  
The experiment was conducted over 18 weeks (28 October 2016 to 9 March 
2017) during the regional growing-season at Western Sydney University, Richmond 
NSW (33°36’40” S; 150°44’26.5”E). Twelve seedlings from each species were 
assigned to each of four adjacent sun-lit, climate-controlled glasshouse chambers (width 
3.0 m × length 5.0 m × height 3.5 m each). Daily air temperature in the chambers was 
customized to suit the 30-year growing season average of the study region, changing 
four times over a 24 hour period to simulate a daily cycle, and ranging from a minimum 
of 15°C to a maximum of 25°C (Aspinwall et al. 2019). Two chambers were set at 
aCO2 level (400 ppm), while two chambers were set at eCO2 level (640 ppm), the latter 
representing a projected moderate 2100 climate change scenario, i.e. between 
Representative Concentration Pathways 4.5 and 6 (IPCC 2014). Seedlings were given a 
single dose of slow-release native fertilizer (Osmocote ®) when initially transplanted to 
the pots and watered to field capacity every two to three days to provide two months of 
optimal growth conditions prior to imposing drought-like conditions. Throughout the 
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experiment, plants were rotated between and within chambers fortnightly to minimize 
chamber-related effects on plant growth. 
 
4.3.2 Drought treatment 
At 75 days after planting, water limitation was imposed on half of the plants (n = 218), 
by reducing water supply by half to simulate drought-like conditions. 48 randomly 
selected pots were weighed in the morning (between 08:00–10:00) every 2–4 days to 
measure water loss between glasshouse visits. In the well-watered treatment plants were 
re-watered to field capacity, while in the water-limited treatment plants received an 
amount of water equal to 50% of total weight lost between each measurement, thereby 
incrementally reducing available water until the onset of wilting. After the first instance 
of wilting, water-limited plants were maintained slightly above the threshold of wilting 
for the duration of the experiment. Plants in the well-watered treatment were re-watered 
to field capacity every 3–4 days. Measurements of pre-dawn leaf water potential (Ypd) 
were carried out twice a week over four weeks to determine plant water status and 
ensure that plants in the water-limited treatment were water-stressed. Water-use 
efficiency can be variable among eucalypts in a glasshouse setting, particularly where 
both mesic and xeric species are used (Lewis et al. 2013; Kelly et al. 2016; Zhou et al. 
2016). Hence, three individuals of all species in each treatment group within each 
glasshouse chamber were selected for Ypd measurements, with different individuals 
used on each occasion to minimize the effects of leaf excision on plant health. Ypd was 
measured using a pressure-chamber (Scholander-type, PMS Instruments, Corvallis, 




4.3.3 Harvest  
Plant height was measured from the soil surface to the leading edge of the uppermost 
canopy leaf. The longest axis of the canopy was measured along with the perpendicular 
axis, which was then calculated as an ellipse as a proxy for projected crown area. 
Watering stopped for all plants (dry-down) 10 days prior to harvest (Chick 2016). At 
133 days after planting, all plants were clipped at 50 mm above the soil surface and 
shoot biomass was weighed, bagged and placed in an oven to dry for a minimum of 72 
hours at 70°C, before dry weight was recorded. Leaf area was measured using a LI-
COR leaf area meter (LI-3100C, Lincoln, Nebraska). Finally, all soil was removed by 
tipping pots upside down and using pressurized water to loosen the soil. Large 3 mm 
sieves were used to collect root material. Once bulk soil was removed, plant material 
was gently washed to remove residual soil before fresh biomass was recorded. 
Lignotuber presence was recorded and roots separated from lignotubers. Roots and 
lignotubers were weighed and lignotuber dimensions recorded before all plant material 
was bagged and placed in an oven to dry for a minimum of 72 hours at 70°C, before dry 
weight was recorded.  
 
4.3.4 Data analysis 
We used a Bayesian modelling approach to derive bounded estimates of measured 
attributes for plants grown under each combination of watering regime (well-watered 
versus drought-like conditions) and [CO2] (aCO2 versus eCO2) as well as bounded 
estimates of differences between treatments. Community-level responses (e.g. DSF, 
WSF, GW) were of primary interest, thus data for each species was pooled within each 
vegetation type for analyses. However, additional modelling of species-specific 
responses suggested that the majority of species within each vegetation type responsed 
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similarly (see Appendix C1.2 for species modelling). The measured attributes consisted 
of three biomass components (total; above-ground; below-ground), four resource 
acquisition traits (plant height; crown area; leaf mass per unit area; root to shoot mass 
ratio); and two storage components (lignotuber biomass; coarse root biomass, i.e. 
structural roots >2 mm diameter). Cell means models were fitted using Markov Chain 
Monte Carlo (MCMC) as implemented in the ‘rjags’ package for R version 3.5.0 
(Plummer 2018, R Core Team 2019). All measured attributes were modelled as 
Gamma-distributed variables excepting the ratio measure (RMR) that was modelled as 
Beta-distributed (see Niekerk et al. 2019). For each model, we sampled three Markov 
chains, each consisting of 10,000 model iterations. We assessed model convergence 
using the Gelman-Rubin diagnostic (Gelman and Rubin 1992) and checked for 
acceptable levels of serial autocorrelation. Separate Markov chains for each model were 
then combined into a matrix of samples from the joint posterior distribution of model 
parameters, which we subsequently used to derive predictions for the value of each 
measured attribute within each treatment (Kruschke 2015; Suzuki 2019). For each 
vegetation type, we then quantified the extent to which drought-like conditions 
modified the effects of eCO2 on each measured attribute using a two-step difference 
calculation: (i) the posterior sample of values for the attribute in the aCO2 treatment 
were subtracted from those in the eCO2 treatment, generating a distribution of CO2 
fertilisation magnitudes (performed separately for the values corresponding to well-
watered and drought-like conditions); (ii) the set of magnitudes for well-watered 
conditions was subtracted from the set for drought-like conditions, resulting in a 
distribution of drought-reduction values. Credible intervals were calculated as highest 
posterior density intervals (HPDI), in order to display the central 50% of model 
predictions and lower/upper 95% bounds of model predictions. The data and R scripts 
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used to generate the results are provided online in a data repository 
(https://github.com/erb418/EB.Ch4.scripts) and secondary results summaries can be 
found in Appendix C1.2. 
 
4.4 Results 
4.4.1  Plant biomass 
For all vegetation types, total biomass (Fig 4.1a–c) was highest under well-watered + 
eCO2 (‘W + eCO2’; means: 18.3–34.0 g), followed by well-watered + aCO2 (‘W + 
aCO2’; means: 13.8–26.1 g) then drought-like conditions + eCO2 (‘D + eCO2’; means: 
11.1–15.5 g). Total biomass was lowest under drought-like conditions + aCO2 (‘D + 
aCO2’; means: 8.69–14.2 g; Fig 4.1a–c). Under well-watered conditions, WSF had 
higher total biomass (means: 26.1–34 g) than both DSF (means: 8.68–11.1 g) and GW 
(23–27.2g; Fig 4.1a–c). Total biomass values were more similar across the vegetation 
types under drought-like conditions (e.g. 8.68–16.4 g; Fig 4.1a–c). Drought-like 
conditions reduced the eCO2 fertilisation effect on total biomass by 16.38% for WSF, 
5.26% for DSF and 4.3% for GW (percentages represent mean values; Fig 4.2a–c). 
WSF experienced a reduction in total biomass that was four times as large as the 
reduction experienced by DSF/GW (Fig 4.2a–c), both of which experienced similar 
reductions (Fig 4.2b, c).  
Above-ground biomass was usually larger than below-ground biomass in our 
study  (i.e. >90% of biomass), thus trends and differences followed similar patterns to 
total biomass (Fig 4.1, 4.2d–f). For all vegetation types below-ground biomass was 
highest under W + eCO2 (means: 1.42–3.99 g) followed by W + aCO2 (means: 1.29–
3.17 g), with eCO2 having little effect in the presence of drought-like conditions, i.e. 
similar to D + aCO2 (means: WSF = 1.47/1.46 g; DSF = 1.17/1.28 g; GW = 2.71/2.55 g; 
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Fig 4.1g–i). Across the treatments GW had consistently higher below-ground biomass 
than WSF (means: 2.72–3.99 g versus 1.46–2.52 g; Fig 4.1g, i) and DSF, which had the 
lowest (means: 1.17–1.42 g; Fig 4.1h). There was little difference among treatment 
combinations for DSF (1.17–1.42 g, Fig 4.1h). Drought-like conditions reduced the 
eCO2 fertilisation effect on below-ground biomass by 35.62% for WSF, 1.58% for DSF 
and 32.52% for GW (Fig 4.2g–i). WSF and GW experienced similarly large reductions 
in below-ground biomass, while there was little change for DSF (Fig 4.2g–i).  
 
Figure 4.1 Observed (points) and predicted (boxes) total biomass (TB; panels a–c), above-
ground biomass (AGB; panels d–f) and below-ground biomass (BGB; panels g–i) for plants 
subjected to four combinations of CO2 and watering treatments (elevated CO2 + well-watered = 
eCO2 + W; ambient CO2 + well-watered = aCO2 + W; elevated CO2 + drought = eCO2 + D; 
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ambient CO2 + drought = aCO2 + D; bottom x-axis) in a glasshouse experiment consisting of 
nine eucalypt species grouped into three vegetation types (wet sclerophyll forest = WSF, panels 
a, d, g; dry sclerophyll forest = DSF, panels b, e, h; grassy woodland = GW, c, f, i). Points are 
raw data and colours correspond to treatment combinations; shaded boxes represent 50% 
credible intervals and whiskers represent 95% intervals. Scaling of y-axis intended to 
empahasise predictions, resulting in some raw data points lying above the plot window. Number 
of missing points per treatment combination is given in the same order as they appear on 




Figure 4.2 Predicted change (i.e. distribution of differences) in the CO2 fertilization effect on 
total biomass (TB; panels a–c), above-ground biomass (AGB; panels d–f) and below-ground 
biomass (BGB; panels g–i) under drought versus well-watered conditions in a glasshouse 
experiment consisting of nine eucalypt species grouped into three vegetation types (wet 
sclerophyll forest = WSF, panels a, d, g; dry sclerophyll forest = DSF, panels b, e, h; grassy 
woodland = GW, panels c, f, i). Negative values represent a lower CO2 fertilisation effect under 
drought-like compared to well-watered conditions, while positive values represent a greater 
effect. Colours correspond to vegetation type; shaded boxes represent 50% credible intervals 
and whiskers represent 95% intervals. Annotations indicate mean magnitude of change 








4.4.2 Resource acquisition traits 
Plant height was greater under well-watered conditions (means: 59.3–86.9 cm) than 
drought-like conditions (means: 46.3–67.1 cm) for all vegetation types (Fig 4.3a–c). 
There was little difference between CO2 treatments in either watering treatment for both 
WSF and GW (e.g. <3 cm; Fig 4.3a, c). DSF plants grown under eCO2 were slightly 
taller (by 5–8 cm) compared to aCO2 (Fig 4.3b). Differences in the CO2 fertilisation 
effect between drought and well-watered conditions were negligible (<5% difference in 
means; Fig 4.4a–c).  
 Crown area was highest in the well-watered treatment (means: 1.49–2.45 m2; 
Fig 4.3d–f) and lowest in the drought treatment (means: 0.85–1.48 m2) across all 
communities. WSF consistently had the largest crown area (means: 1.31–2.45 m2), 
while both DSF and GW were similar (means: DSF = 0.85–1.61 m2; GW = 1.10–1.81 
m2; Fig 4.3d–f). eCO2 had little effect on crown area (e.g. <0.2 m2 under drought-like 
conditions; <0.15 m2 under well-watered conditions; Fig 5.3d–f). Crown area increased 
by 9.16% for WSF, 12.7% for DSF and decreased by 2.69% for GW (Fig 4.4d–f), 
although these changes represented an increase/decrease of <0.1 m2, e.g. minimal 





Figure 4.3 Observed (points) and predicted (boxes) height (panels a–c) and crown area (panels 
d–f) for plants subjected to four combinations of CO2 and watering treatments (elevated CO2 + 
well-watered = eCO2 + W; ambient CO2 + well-watered = aCO2 + W; elevated CO2 + drought = 
eCO2 + D; ambient CO2 + drought = aCO2 + D; bottom x-axis) in a glasshouse experiment 
consisting of nine eucalypt species grouped into three vegetation types (wet sclerophyll forest = 
WSF, panels a, d; dry sclerophyll forest = DSF, panels b, e; grassy woodland = GW, c, f). Points 
are raw data and colours correspond to treatment combinations; shaded boxes represent 50% 
credible intervals and whiskers represent 95% intervals. Scaling of y-axis intended to 
empahasise predictions, resulting in some raw data points lying above the plot window. Number 
of missing points per treatment combination is given in the same order as they appear on 







Figure 4.4 Predicted change (i.e. distribution of differences) in the CO2 fertilization effect on 
plant height (panels a–c) and crown area (panels d–f) under drought versus well-watered 
conditions in a glasshouse experiment consisting of nine eucalypt species grouped into three 
vegetation types (wet sclerophyll forest = WSF, panels a, d; dry sclerophyll forest = DSF, panels 
b, e; grassy woodland = GW, panels c, f). Negative values represent a lower CO2 fertilisation 
effect under drought-like compared to well-watered conditions, while positive values represent a 
greater effect. Colours correspond to vegetation type; shaded boxes represent 50% credible 
intervals and whiskers represent 95% intervals. Annotations indicate mean magnitude of 
change expressed as percentage. See Methods for calculation details. 
 
For all vegetation types LMA was highest under D + eCO2 (means: 9.42–11.8 
mg/cm2; Fig 4.5a–c). LMA was lowest under W + aCO2 (means: 7.05–7.70 mg/cm2; 
Fig 4.5a–c). WSF had lower LMA under drought-like conditions than DSF or GW 
(means: WSF = 8.9/9.4 mg/cm2; DSF = 10.6/11.2 mg/cm2; GW = 10.2/11.8 mg/cm2; 
Fig 4.5a–c). For all vegetation types LMA was 1–2 mg/cm2 higher under eCO2 than 
aCO2 (Fig 4.5a–c). LMA response was reduced by 8.61–9.79% across the vegetation 
types (Fig 4.6a–c), i.e. all vegetation types experienced similar reductions in LMA. 
 [CO2] or watering treatment had little effect on root mass ratio for both WSF and 
DSF (e.g. <2.1% difference) where values averaged between 8–10.5% (Fig 4.5d, e). For 
GW, root mass ratio was highest under aCO2 (means: drought = 23.2%; well-watered = 
19.8%) and around 5% lower under eCO2 (Fig 4.5f). Root mass ratio was reduced by 
1.77% for WSF, 0.01% for DSF and 3.58% for GW, i.e. there was little change in root 
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mass ratio for DSF, a minor change for WSF and relatively larger change for GW (Fig 
4.6d–f). 
 
Figure 4.5 Observed (points) and predicted (boxes) leaf mass per unit area (LMA; panels a–c), 
and root mass ratio (RMR; panels d–f) for plants subjected to four combinations of CO2 and 
watering treatments (elevated CO2 + well-watered = eCO2 + W; ambient CO2 + well-watered = 
aCO2 + W; elevated CO2 + drought = eCO2 + D; ambient CO2 + drought = aCO2 + D; bottom x-
axis) in a glasshouse experiment consisting of nine eucalypt species grouped into three 
vegetation types (wet sclerophyll forest = WSF, panels a, d; dry sclerophyll forest = DSF, panels 
b, e; grassy woodland = GW, c, f). Points are raw data and colours correspond to treatment 
combinations; shaded boxes represent 50% credible intervals and whiskers represent 95% 
intervals. Scaling of y-axis intended to empahasise predictions, resulting in some raw data 
points lying above the plot window. Number of missing points per treatment combination is 
given in the same order as they appear on panels from left to right; panel (a): 4, 3, 1, 1; (b): 11, 





Figure 4.6 Predicted change (i.e. distribution of differences) in the CO2 fertilization effect on leaf 
mass per unit area (LMA; panels a–c) and root mass ratio (RMR; panels d–f) under drought 
versus well-watered conditions in a glasshouse experiment consisting of nine eucalypt species 
grouped into three vegetation types (wet sclerophyll forest = WSF, panels a, d; dry sclerophyll 
forest = DSF, panels b, e; grassy woodland = GW, panels c, f). Negative values represent a 
lower CO2 fertilisation effect under drought-like compared to well-watered conditions, while 
positive values represent a greater effect. Colours correspond to vegetation type; shaded boxes 
represent 50% credible intervals and whiskers represent 95% intervals. Annotations indicate 
mean magnitude of change expressed as percentage. See Methods for calculation details. 
 
4.4.3 Storage organs 
Lignotuber biomass was highest under W + eCO2 (0.4–0.67 g) and lowest under D + 
aCO2 (0.09–0.21 g; Fig 4.7a–c) for all vegetation types. Lignotuber biomass was 
slightly higher under D + eCO2 than D + aCO2 (means: WSF = 0.22 g versus 0.20 g; 
DSF = 0.6 g versus 0.09 g; GW = 0.28 g versus 0.22 g; Fig 4.7a–c), i.e. eCO2 had a 
positive effect on lignotuber biomass regardless of watering treatment. Drought-like 
conditions reduced the eCO2 fertilisation effect on lignotuber biomass by 43.29% for 
WSF, increased it by 22.2% for DSF and decreased it by 6.35% for GW (Fig 4.8a–c), 
i.e. WSF experienced substantially larger reductions in lignotuber biomass than either 
DSF or GW. For DSF, very wide bounds reflect low sample size and associated 
uncertainty around this result (Fig 4.8b). 
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 [CO2] or watering treatment had minimal effect on coarse-root biomass across 
the vegetation types (e.g. <0.3 g difference; Fig 4.7d–f). Coarse-root biomass was 
highest for GW (1.80–1.95 g) and lowest for DSF (0.92–10.1 g), while WSF had 
intermediate coarse-root biomass (1.10–1.40 g; Fig 4.7d–f). Drought-like conditions 
reduced the eCO2 fertilisation effect on coarse-root biomass by 7.82% for WSF, 4.40% 
for DSF and 7.09% for GW (Fig 4.8d–f). WSF and GWD experienced slightly larger 
reductions in coarse-root biomass than DSF (Fig 4.8d–f).  
 
Figure 4.7 Observed (points) and predicted (boxes) lignotuber biomass (LB; panels a–c), and 
coarse root biomass (CRB; panels d–f) for plants subjected to four combinations of CO2 and 
watering treatments (elevated CO2 + well-watered = eCO2 + W; ambient CO2 + well-watered = 
aCO2 + W; elevated CO2 + drought = eCO2 + D; ambient CO2 + drought = aCO2 + D; bottom x-
axis) in a glasshouse experiment consisting of nine eucalypt species grouped into three 
vegetation types (wet sclerophyll forest = WSF, panels a, d; dry sclerophyll forest = DSF, panels 
b, e; grassy woodland = GW, c, f). Points are raw data and colours correspond to treatment 
combinations; shaded boxes represent 50% credible intervals and whiskers represent 95% 
intervals. Scaling of y-axis intended to empahasise predictions, resulting in some raw data 
points lying above the plot window. Number of missing points per treatment combination is 
given in the same order as they appear on panels from left to right; panel (a): 0, 0, 2, 5; (c): 0, 0, 





Figure 4.8 Predicted change (i.e. distribution of differences) in the CO2 fertilization effect under 
drought versus well-watered conditions for lignotuber biomass (LB; panels a–c) and coarse-root 
biomass (CRB; panels d–f) in a glasshouse experiment consisting of nine eucalypt species 
grouped into three vegetation types (wet sclerophyll forest = WSF, panels a, d; dry sclerophyll 
forest = DSF, panels b, e; grassy woodland = GW, panels c, f). Negative values represent a 
lower CO2 fertilisation effect under drought-like compared to well-watered conditions, while 
positive values represent a greater effect. Colours correspond to vegetation type; shaded boxes 
represent 50% credible intervals and whiskers represent 95% intervals. Annotations indicate 
mean magnitude of change expressed as percentage. See Methods for calculation details. 
 
4.5 Discussion 
In temperate, eucalypt-dominated vegetation types, the beneficial effects of eCO2 
fertilization on biomass accumulation and storage organs were effectively negated by 
drought, though some typical drought-stress responses, such as LMA and RMR, were 
reduced under eCO2. Physical dimensions of eucalypt seedlings, such as height and 
crown area, were essentially unaffected by eCO2. In the absence of drought, however, 
eucalypt species may experience faster seedling growth, establishment and enhanced 
resprouting capacity due to eCO2. 
 
4.5.1 Plant biomass 
When water was non-limiting, eucalypts responded to eCO2 by increasing biomass by 
more than 30% (Fig 4.1a–c), which is comparable to increases found in the majority of 
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global studies on non-eucalypt woody species (e.g. 48%, Poorter and Nagel 2000) and 
in similar studies of eucalypts (e.g. 41–108%, Roden & Ball 1996; 44–74%, Ghannoum 
et al. 2010). This result suggests there is potential for increased seedling establishment 
in temperate woody ecosystems in regions or during periods where rainfall is adequate, 
as has been suggested elsewhere (Ghannoum et al. 2010a). Seedlings that accumulate 
biomass more quickly are more likely to escape fire-related mortality by reaching fire-
tolerant size-classes (Hoffmann and Solbrig 2003; Denham et al. 2016) and thus 
transition faster to maturity, supporting the idea that eCO2 may facilitate woody 
thickening in temperate woody ecosystems. However, competitive interactions with 
grasses (Manea and Leishman 2015), herbivory (Collins et al. 2018a) and nutrient 
availability (Ellsworth et al. 2017) may limit the potential for increased carbon 
sequestration in natural ecosystems under eCO2.  
 In our study, the effect of CO2 fertilization on biomass was reduced by drought-
like conditions, as found in other studies (Duan et al. 2013; Duan et al. 2018). We did 
not find a doubling of biomass under drought-like conditions + eCO2 as in Atwell et al. 
(2007). Of our nine species, wet sclerophyll species showed the greatest reduction in 
total, above-ground and below-ground biomass (Fig 4.1g–i), although reductions did 
occur across all vegetation types. Thus, drought-like conditions placed limitations on 
growth regardless of species or CO2 level. Relative to the forest species, grassy 
woodland species invested substantially more resources into roots under drought-like 
conditions (Fig 4.1g–i), although the same pattern occurred under well-watered 
conditions, suggesting that high below-ground biomass investment is typical for grassy 
woodland systems. Indeed, larger, deeper root systems are characteristic of species 
adapted to drier climates (Brunner et al. 2015).  
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Eucalypts from more mesic environments have been reported to experience 
reduced biomass accumulation when water is limited (e.g. >80%; Duan et al. 2014), 
with smaller reductions reported in xeric species (e.g. >50%, Susiluoto & Berninger 
2007). We found species from wet sclerophyll environments to be relatively more 
sensitive to drought. For example, the 16.38% reduction in biomass between well-
watered and water-stressed wet sclerophyll species was larger than either grassy 
woodland (4.3%) or dry sclerophyll species (5.26%). This suggests that, under drier 
future climates, trees of wet sclerophyll environments may experience sharper decreases 
in productivity than those in drier wooded landscapes; for example through reducing 
seedling success.  
4.5.2 Resource acquisition traits 
Under climate change, seedling success and ongoing competitive advantage of a given 
species depends on how resource acquisition is balanced with water conservation, e.g. 
low-LMA species adapted to high productivity, mesic environments may have greater 
success under normal rainfall conditions while high-LMA species adapted to lower 
productivity, xeric environments may have greater success when rainfall declines 
(Poorter et al. 2009). In our study, LMA was highest under drought-like conditions for 
species of the drier habitats (Fig 4.5b – c), which suggests that such species are better 
able to cope with drought-like conditions than those of wet sclerophyll forests. This 
pattern is consistent with trends elsewhere, showing that LMA can vary according to 
positions along rainfall gradients (Cernusak et al. 2011) and more xeric eucalypts are 
may have higher LMA than mesic eucalypts (Lewis et al. 2011). Increasing LMA is a 
strategy plants employ to conserve resources and reduce wilting (Poorter et al. 2009). 
We found that the LMA increase with eCO2 was 8–10% smaller under drought-like 
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conditions compared to well-watered conditions (Fig 4.6a–c). This suggests that 
drought did not reduce the positive effect of eCO2 on LMA to a marked extent. Thus our 
result suggests that eCO2 may help some species cope with drought (e.g. by developing 
tougher leaves to reduce water loss). 
 Increasing the proportion of biomass allocated to roots maximises water uptake 
while limiting water loss (Brunner et al. 2015). In this study there was evidence that 
eCO2-related increases in root-to-shoot mass ratio (i.e. increases in relative root mass) 
were reduced by 1–4% under drought-like conditions for some species, i.e. a minor 
ameliorative effect (Fig 4.6d–f). This result was consistent with both general patterns 
(Poorter and Nagel 2000; Schall et al. 2012; Brunner et al. 2015) and some studies of 
eucalypts (e.g. Barton and Montagu 2006; Thomas 2009), though other studies have 
found little or no difference in RMR under varying watering regimes (Osório et al. 
1998; Merchant et al. 2006; Merchant et al. 2007a). Thus our results suggest that eCO2 
fertilization may reduce drought stress for some species. Relative root mass was highest 
for grassy woodland species, around twice that of species in the forest categories. 
Overall our results were broadly comparable (e.g. ~10% for WSF spp., DSF spp.; ~20% 
for GW spp.; Fig 4.5d–f) with global trends in root-to-shoot mass ratio across varying 
habitats and water availability: e.g. 20% at 3000 mm cf. 40% at 500 mm mean annual 
rainfall (Brunner et al. 2015). The comparatively high LMA and RMR of drier habitat 
species in our study suggests that these taxa are physiologically more capable of 
responding to drought than mesic species.  
Changes to plant height due to eCO2 in our study were generally small (e.g. 
<5%), with moderate increases in crown area (<12%). Hence, the eCO2-related biomass 
gains observed in our study may be due to increases in tissue density, stem diameter, 
branch number, leaf number and rooting architecture (Atwell et al. 2007; Ghannoum et 
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al. 2010). This suggests that, for the study species, additional carbon was allocated to 
biomass and, to some extent, crown area, rather than height. 
 
4.5.3 Storage organs 
Elevated CO2 may facilitate greater allocation of non-structural carbohydrates to storage 
organs such as lignotubers and roots, which resprouting species such as eucalypts utilize 
following disturbance (Hoffman et al. 2000). In our study we found that when sufficient 
water was available, eCO2 increased the size of lignotubers by 5–33% for species from 
wet sclerophyll forests and 21–58% for those native to drier environments (Fig 4.7, 
4.8a–c), consistent with results of other studies (Hoffman et al. 2000; Bond and 
Midgley 2012). In contrast, Collins et al. (2018b) found no effect of eCO2 on lignotuber 
growth in eucalypts, probably due to competition with grasses, herbivory and nutrient 
limitation. eCO2 may increase the biomass and vigour of resprouting stems and increase 
the size of coarse roots, which contain resources needed for resprouting (Hoffman et al. 
2000; Bond and Midgley 2012). The trends in above and below ground biomass (e.g. 
increased shoot biomass and increased storage capacity under eCO2) in the study 
species, described above, may therefore have potential to enhance resprouting capacity 
as atmospheric CO2 levels increase. However, our result that drought-like conditions 
imposed severe restrictions on lignotuber growth for some species, reducing the 
beneficial effect of eCO2 fertilization, suggests that enhanced resprouting would be 
limited to periods of adequate rainfall (Fig 4.7, 4.8a–c). Nonetheless, there remained 
substantial uncertainty in the results for dry sclerophyll species due to the failure of 
many plants to produce a lignotuber during the experiment. 
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4.5.4 Future climate and potential ecosystem change 
Further rapid and substantial increases in atmospheric [CO2] are predicted globally, 
along with increases in global mean air temperature, with changes to rainfall patterns 
likely to be more diverse and harder to predict (IPCC 2014). Drought has been 
identified as a likely factor in reducing resprouting success in many global ecosystems 
including Australia (Konstantinidis et al. 2006). There is also evidence that some 
eucalypt forests can undergo state-changes, for example a shift toward smaller, multi-
stemmed trees, during unusually severe interannual drought conditions (Matusick et al. 
2016). Another potential result of climate change is increased fire frequency, which 
may result in higher mortality and decreased complexity in resprouting eucalypt 
woodlands (Fairman et al. 2017). While future forested landscapes may benefit from 
eCO2-enhanced growth during periods of adequate rainfall, the coupled effects of 
worsening interannual droughts and more fires may equate to zero net-benefit for plants.  
Our results indicate that drought offsets the effect of eCO2 fertilization of 
biomass accumulation and lignotuber size. Tree species from drier habitats may have a 
physiological advantage over those in mesic forests in a high-CO2 world where drought 
pervades landscapes, which may allow them to persist when and where wetter forest 
species cannot. There may be potential for reduced seedling recruitment/survival in 
vulnerable areas within wet sclerophyll forests, e.g. climatically marginal ridgetops, 
plateaus or ecotones. Species from dry sclerophyll or grassy woodlands that are better 
able to cope with drier conditions and more frequent disturbance could potentially 
encroach into such areas leading to reductions in the extent of wet sclerophyll forests. 
Thus future scenarios of coupled changes to climate and disturbance regime could lead 
to major shifts in vegetation composition, structure and function, with major 
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implications for biodiversity conservation, ecosystem processes and human amenity in 
these unique ecosystems.  
 
 90 
Chapter 5. Vegetation greening trends in southern temperate 
forests vary across bioregions 
5.1 Abstract  
Large areas of Earth’s surface appear to be undergoing a greening trend via enhanced 
vegetation growth over recent decades, implicating ‘CO2 fertilisation’ as a possible 
cause. Regional trends, however, may be more diverse and complex due to other human 
activity and localised disturbance regimes. We investigated the change in remotely 
sensed vegetation greenness between 1989 and 2017 across the temperate forests of 
eastern Australia. Forests in this region are frequently exposed to fire and drought and 
exist across gradients of temperature and rainfall. We tested whether vegetation 
greenness was increasing, once disturbance dynamics and climate were controlled for, 
to aid inference on the effects of rising atmospheric [CO2] (eCO2). We found divergent 
greening responses between two adjacent bio-climatic regions that contained similar 
forest types (dry and wet sclerophyll forests). The results imply that fundamental 
relationships between time-since-disturbance and greening may have changed over the 
study period, potentially due changes in long-term rainfall patterns. eCO2 may be 
interacting with these climatic changes, further enhancing post-disturbance recovery in 
some more resilient ecosystems. Models that incorporate differences in soils, recent 
rainfall patterns, estimates of ecosystem resilience, disturbance histories and eCO2 are 
the next step for better understanding vegetation greening trends.  
 
5.2 Introduction 
Remote sensing studies of the Earth’s surface have revealed a vegetation greening trend 
across many global biomes over the last few decades (Andela et al. 2013; Zhu et al. 
2016). eCO2 has been proposed as a key driver of vegetation greening at both global-
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scale (Andela et al. 2013; Zhu et al. 2016) and continental/sub-continental scale 
(Buitenwerf et al. 2012; Bathiany et al. 2014; Saha et al. 2015), as it increases plant 
productivity via enhanced photosynthesis (Bond 2000; Buitenwerf et al. 2012; Saintilan 
and Rogers 2015). However, attributing changes in greenness to eCO2 through 
observations is challenging as other climate effects (Nemani et al. 2003; Herrmann et 
al. 2005; Brandt et al. 2015), disturbance-dynamics (Díaz-Delgado et al. 2002; Brandt 
et al. 2017; Sulla-Menashe et al. 2018) and land-use change (Leroux et al. 2017; Li et 
al. 2017; Mishra and Mainali 2017) can influence greening trends. Biases due to 
differences in image resolution among sensors and discrepancies between sensor 
observations and models may also affect estimates of greening (Alcaraz-Segura et al. 
2010; Kolby Smith et al. 2015; Sulla-Menashe et al. 2016). Few studies adequately 
incorporate the diversity of potential contributors to large-scale greening trends (Zhu et 
al. 2016). 
Measured changes in vegetation greenness are usually derived from remotely 
sensed time series of spectral vegetation indices (SVI), such as the Normalised 
Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI), which are 
calculated from surface reflectance data in the red, near-infrared (NIR) and blue 
wavelengths (Matsushita et al. 2007). SVIs target reflectance of red and near infrared 
radiation, as chlorophyll absorbs radiation in the red region of the spectrum, and water 
contained in mesophyll reflects radiation in the near infrared region. Thus, big 
differences in red and near infrared reflectance are indicative of healthy vegetation. 
SVIs have been used to examine basic properties of forest canopies, such as Leaf Area 
Index (LAI) and foliage cover (Huete et al. 2002). 
Greening trends are temporally confounded by the dynamics of vegetation 
disturbance and recovery, though this is rarely considered in global or continental 
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analyses of greening (Zhu et al 2016). For example, plant growth processes during post-
fire recovery are a key factor governing greening and browning (senescence) trends in 
temperate forests (Sulla-Menashe et al. 2018). When time series of vegetation indices 
such as NDVI are used to explore greening trends, sites burned early in the time series 
may appear to be greening as vegetation regrows and reaches its pre-fire condition, 
whereas sites burned toward the end of a time series may appear to be browning 
because regrowth will be incomplete (Sulla-Menashe et al. 2018). The relationship 
between time-since-fire and vegetation greenness may be easier to interpret at a sub-
continental-scale, where confounding variation in rainfall, temperature, soils and 
vegetation types can be accounted for. In contrast, continental- and global- scale 
analyses may not account for substantial regional-scale bioclimatic variation. Additional 
knowledge of diverse vegetation-type responses to disturbances or climatic gradients 
may be required to more accurately determine causes of vegetation greening.  
Post-disturbance recovery times and ecosystem resilience may vary depending 
on disturbance type (e.g. fire, drought or logging) and vegetation type (e.g. forests, 
woodlands, alpine). Forests dominated by species of trees that are capable of epicormic 
resprouting (Clarke et al. 2013) recover their canopy quickly following high severity 
fire (e.g. within 10 years, Bennett et al. 2016; Vivian et al. 2008), compared with less 
resilient forests dominated by species that do not resprout. For example, in southern 
temperate forests dominated by resprouting Eucalyptus species (including the sub-
genera Eucalyptus, Corymbia and Angophora), remotely sensed estimates of NDVI 
were found to recover to pre-fire levels within three to seven years following fire 
(Caccamo et al. 2014; Heath et al. 2016). Post-disturbance recovery rates can also vary 
with topographic position, pre- and post-fire rainfall variability and logging intensity 
(Sever et al. 2012; Maltese et al. 2017). Given the complexity and diversity of potential 
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contributors to vegetation greening trends, there is a need for approaches that control for 
potentially confounding factors, such as disturbance history, when assessing the effect 
of eCO2 on greening. 
 Our study investigated whether greening had occurred across eastern Australian 
eucalypt forests over a 28-year period (December 1989 to February 2017). We asked 
whether a greening trend and implied eCO2 effect could be detected in these highly fire-
prone and topographically diverse landscapes, once the potentially confounding effects 
of time-since-fire, drought, climate and forest types were controlled for. We assessed 
these responses for two adjacent bioregions to gain insight into sub-continental-scale 
responses of these forests in the light of global trends.  
 
5.3 Methods 
5.3.1 Study area  
The study focused on the Sydney Basin bioregion (SYD) and South Eastern Corner 
bioregion (SEC) of south eastern Australia (Fig. 5.1), which together cover an area of 
approximately 6 million ha. The Great Dividing Range runs the length of this region 
and provides continuous topographic relief and climatic and geological variability. Soil 
type varies throughout the region, ranging from low-moderate fertility soils derived 
from sedimentary parent material (sandstone, shale), igneous material (granites) and 
metamorphic rocks, with some areas of higher fertility soils derived from basalt and 
alluvial deposits (DPI 2017). Elevation ranges from sea level to over 1200 m, mean 
annual temperature ranges from 8–24°C and mean annual precipitation ranges from 500 
mm to 2300 mm as a function of altitude, latitude and distance from the ocean. On 
lower fertility soils, dry sclerophyll forest dominates ridgetops, while wet sclerophyll 
forest dominates in gullies. In higher rainfall areas on better soils, wet sclerophyll forest 
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forms in both gullies and on ridges. Forested land in the study region occurs within the 
National Park estate, state-owned timber production forests or on privately owned land.  
 We accounted for variations in climate, topography, soils and forest types by 
estimating greening trends across the two adjacent bioregions (SYD; SEC; IBRA 2018). 
The SYD and SEC bioregions are of similar size and both contain large, continuous 
tracts of eucalypt forest and experience similar patterns of fire and drought (Murphy et 
al. 2013; Ma et al. 2015; Fig 5.1).  
 
Figure 5.1 Image of the study region showing sampling locations (dry sclerophyll forest, DSF = 
red dots; wet sclerophyll forest, WSF = yellow dots; panel a) within the National Park estate 
(green shading; panel a) across the Sydney Basin bioregion (pink outline; panel a) and South 
Eastern Corner bioregion (blue outline; panel a). Panel B shows location of bioregions within 
context of Australia. 12,000 random samples with a minimum distance of 300 m to other 
samples were extracted within each forest type per bioregion. 
 
5.3.2 Vegetation and fire history 
Vegetation mapping for each bioregion was acquired from the NSW Department of 
Planning, Industry and Environment (Keith and Simpson 2018) and the Department of 
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Environment, Land, Water and Planning (DELWP 2005). Analogous vegetation types 
in each classification system were merged based on ecological similarities (see 
Appendix D1.1). Any land not within the National Park estate was excluded from 
sampling to avoid the effects of clearing and logging on changes to SVI values. Fire 
history data for the period 1975–2017 was acquired for each bioregion from the NSW 
National Parks and Wildlife Service (NPWS 2016) and DELWP (DELWP 2019). 
 
5.3.3 Persistent green trend 
The persistent green trend index is a spatial data product developed by the NSW Office 
of Environment and Heritage (OEH 2018), based on imagery acquired from Landsat 
5TM and Landsat 7 ETM+. The methodology used in developing the product (Gill et al. 
2016; Denham and Watson in review; Gibson et al. in review) includes (a) 
standardising surface reflectance (Flood et al. 2013); (b) the derivation of the green 
vegetation fraction (see Gill et al. 2016); and (c) modelling the persistent green trend 
(Gibson et al. in review), where a minimum-weighted smoothing spline is fitted to the 
green vegetation fraction that does not senesce inter-annually. The smoothing spline 
thus represents the minimum seasonal persistent green (i.e. woody) vegetation fraction 
over time. Linear regression is then applied to the smoothing spline to calculate rate of 
change in persistent green values per season. Detailed description of the methodology is 
provided in Appendix D1.2. We utilised an extended version of the persistent green 
trend index (PGi), spanning a 28-year period (1989–2017). The PGi value for each pixel 






5.3.4 Study design 
The study design incorporated time-since-fire (TSF), time-since-drought (TSD), mean 
annual rainfall (MAR), mean annual temperature (MAT) and vegetation type (dry 
sclerophyll forest; wet sclerophyll forest). We assessed the strength of these influences 
on PGi within two bioregions (SYD; SEC). We used 12,000 random samples per 
vegetation type within each bioregion. Disturbance and subsequent post-fire vegetation 
recovery is known to have major effects on the vegetation greenness at landscape-scale, 
with recently burnt pixels appearing less green than adjacent unburnt pixels (Sulla-
Menashe et al. 2018). Thus, we expected that, for any given location, differences in TSF 
values between the start and end of the greenness monitoring period would influence the 
measured change in greenness. For example, a biased estimate of increase in greenness 
could result if the TSF at the end of the time series was greater than the TSF at the 
beginning, and vice versa. 
We accounted for the difference between the start and end TSF values for each 
pixel by using a time-since-fire difference index (TSFi), which was calculated as 
follows:  
(1) TSFi = TSF 2017 – TSF 1989 
TSFi allowed for testing the effect of TSF on the overall greening trend, while 
simultaneously avoiding the need for applying rigid controls on site selection based on 
TSF, thereby increasing the maximum area available for sampling. We also anticipated 
that recent drought at the end of the time series would drive greening down (see 5.3.5 
for details on calculating time since last drought; TSD). 
 Possible greening scenarios were conceptualised: scenario a, where there was no 
change in the fundamental relationship between TSF and greening between 1989 and 
2017  (Fig 5.2a), leading to no observed change in greenness when TSF was controlled 
 
 97 
for (Fig 5.2a1); scenario b, where the relationship between TSF and greening had 
slowed and had its greening maximum reduced in 2017 compared to 1989 (Fig 5.2b), 
leading to overall browning when TSF was controlled for (Fig 5.2b1); and scenario c, 
where the relationship between TSF and greening had accelerated and had its greening 
maximum increased in 2017 compared to 1989 (Fig 5.2c), leading to overall greening 





Figure 5.2 Conceptual diagram of alternate scenarios of fundamental relationships between 
time-since-fire (TSF) and vegetation greenness (left panels, a–c) and the potential effect of 
each scenario on greening responses when time-since-fire at each end of the greening time 
series is controlled for (TSFi = 0; right panels, a1–c1). In left panels, purple line represents 
TSF/greening relationship in 2017, orange line represents TSF/greening relationship in 1989, 
lines plateau when vegetation recovery is complete; in right panels, y-axis represents the 
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5.3.5 Drought history 
Drought severity was determined by using the Standardized Precipitation-
Evapotranspiration Index (SPEI, Vicente-Serrano et al. 2010). SPEI is an index of the 
climatic water balance (precipitation minus potential evapotranspiration based on 30 
years of weather observations) expressed as the number of standard deviation units from 
average values based on the previous 30 years. Thus, negative values indicate increased 
water deficit relative to long-term conditions, while positive values indicate surplus 
water availability relative to long-term conditions. We calculated SPEI at 0.05° x 0.05° 
resolution (approximately 25 km2) at a 6-monthly time scale, which is sufficient for 
detecting drought stress in temperate eucalypt forests (Pook 1986; Pook et al. 1997). 
Slette et al. (2019) suggest SPEI values between -1 and +1 can be treated as falling 
within the range of normal climatic variability, while values below -1 represent 
progressively more severe drought conditions; values at or below -0.5 have been 
considered to be representative of drought conditions in temperate Australia (Ma et al. 
2015). We calculated the time-since-drought (TSD) at the end of the persistent green 
trend time series (2017), as the number of consecutive months where SPEI was >-1.5. 
Pixels that remained above this threshold throughout the time series were assumed to be 
in drought in the first month preceding the time series. Climatic data used to calculate 
SPEI was obtained from the SILO database (SILO 2019). SPEI was calculated using the 
‘SPEI’ package in R (Vicente-Serrano et al. 2010). 
 
5.3.6 Climate 
Mean annual air temperature (MAT) and mean annual precipitation (MAP) were 
included in the analysis to account for the effects sub-regional climatic variability on the 
overall trends. Climatic gradients of temperature and precipitation at this scale are 
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known to have major effects on the distribution of plant species and vegetation types 
(Austin et al. 1996), rates of post-fire vegetation regeneration (Casady et al. 2010) and 
indirect effects on NPP (Michaletz et al. 2014), and therefore may influence PGi values. 
Bioclimatic data was sourced from the WorldClim database version 2.1 (Fick & 
Hijmans 2017; Table 5.1). 
 
5.3.7 Data pre-processing 
All spatial data was rasterized and resampled with a nearest neighbour method at a 
resolution of 30 m, i.e. the resolution of the Landsat imagery from which the PGi data 
was derived. Spatial layers (Table 5.1) were stacked and for each vegetation type we 
randomly sampled 150,000 pixels then sub-sampled 12,000 pixels with a minimum 
distance of 300 m to the centre of any other pixel to minimise the effects of spatial 
autocorrelation (see Bradstock et al. 2010; Collins et al. 2019). The optimal density of 
sampling was determined by drawing replicate realizations of the data set at different 
densities, to find the level at which posterior model estimates (see 5.3.9) became stable 
between replicates. Pixel subsampling with distance constraint was performed using the 










Table 5.1 Table of candidate predictor variables (spatial layers) used to inform models.  
Predictor Abbreviation Description Original resolution 
Time-since-fire 
difference index TSFi 
 
TSFi = TSF 2017–TSF 1989 
 
N/A 
Time since drought TSD 
Number months since SPEI < -1.5. 
SPEI set at 6-monthly time scale. 
Reference period 1960–1990  
0.05° 
Persistent green 
trend index PGi 
Change in persistent green (woody 





Mean annual precipitation, 30-year 
average 1970–2000 0.01° 
Mean annual 
temperature MAT 
Mean annual air temperature, 30-year 
average 1970–2000 0.01° 
 
5.3.8 Data analysis 
We used a Bayesian generalized additive modelling (GAM) approach to derive bounded 
estimates of PGi values for pixels sampled across the range of each variable.  
Continuous predictor variables were included as smooth terms based on thin-plate 
regression splines. Pixel location was included as a tensor product smooth term to allow 
for additional spatial patterns. Separate models were fitted for both vegetation classes in 
the form: 
(2) PGi ~ te(x, y, k =30) + s(tsfi) + s(tsd) + s(map) + s(mat) 
Models were fitted using the ‘gam’ function as implemented in the ‘mgcv’ package for 
R version 3.5.0 (Wood 2017). We simulated the posterior distribution of model 
parameters by drawing 5,000 samples from a multivariate Normal distribution defined 
by the coefficient values and variance-covariance matrix of the fitted GAM. This was 
then multiplied by the linear predictor matrix of the GAM to generate a distribution of 
predicted PGi values over the range of each selected predictor variable while holding 
other predictors at their median values. Credible intervals were calculated based on 
102 
highest posterior density in order to display the central 50% and lower/upper 95% 
bounds of model predictions. The data and R scripts used to generate the results are 
provided online in a data repository (https://github.com/erb418/EB.Ch5.scripts) and 
secondary results summaries can be found in Appendix D1.3. 
5.4 Results 
5.4.1 Dry sclerophyll forest 
A moderate overall greening trend was detected for dry sclerophyll forest in the Sydney 
Basin bioregion between 1989 and 2017 (Fig 5.3a, b). In areas that had equal TSF at the 
start and end of the PGi time series (i.e. TSFi = 0; 5000 samples), median predicted PGi
increased by around 18.5% (Fig 5.3a). PGi increased by 28.5% at higher values of TSFi,
before plateauing and by 12% at lower values of TSFi (Fig 5.3a). Greening showed little 
response to time-since-drought, varying by <5% between the shortest (0–6 months) and 
longest value (>150 months; Fig 5.3b). 
In contrast, a moderate browning trend was detected for dry sclerophyll forest in 
the South Eastern Corner bioregion (Fig 5.3c, d). When there was no change in time-
since-fire (TSFi = 0; 5000 samples), PGi decreased by around 25% (Fig 5.3c). The flat 
trend with TSFi varied little in magnitude between min and max values of TSFi (Fig 
5.3c). There was a negative linear trend for time-since-drought, which varied by 21% in 
magnitude between the shortest (0–6 months; -5%) and longest value (>120 months; -




Figure 5.3 The effect of time-since-fire at the end-point of the persistent green trend time series 
minus time-since-fire at the beginning of the time series (TSFi; panel a & c) and time-since-
drought (panels b & d) on the persistent green trend index (PGi) between 1989–2017 for dry 
sclerophyll forest in the Sydney Basin bioregion (SYD; panels a & b) and South Eastern Corner 
bioregion (SEC; panels c & d). Dark blue ribbons represent 50% credible intervals; grey ribbons 
represent 95% credible intervals; purple dots are raw data; horizontal black lines represent PGi 








(a)                   (b) 
(c)                   (d) 
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5.4.2 Wet sclerophyll forest 
A moderate greening trend was detected for wet sclerophyll forest in the Sydney Basin 
bioregion over the 28 year study period (Fig 5.4a, b). Overall trends followed a similar 
pattern to dry sclerophyll forest, although response curves were slightly flatter (Fig 5.4a, 
b). In areas that had equal TSF at the start and end of the PGi time series (i.e. TSFi = 0; 
5000 samples), PGi increased by around 22% (Fig 5.4a). Greening showed little 
response to time-since-drought, varying by <2% in magnitude between the shortest and 
longest values (Fig 5.4b). 
In contrast, a modest browning trend was detected for wet sclerophyll forest in 
the South Eastern Corner bioregion between 1989 and 2017 (Fig 5.4c, d). When there 
was no change in time-since-fire (TSFi = 0; 5000 samples), PGi decreased by around 
10% (Fig 5.4c). The trend for TSFi was near-flat and varied by <5% in magnitude 
between the smallest and largest values (Fig 5.4c). The trend for time-since-drought 
varied in magnitude by up to ~10% at multiple points across the range of TSD values 





Figure 5.4 The effect of time-since-fire at the end-point of the persistent green trend time series 
minus time-since-fire at the beginning of the time series (TSFi; panel a & c) and time-since-
drought (panels b & d) on the persistent green trend index (PGi) between 1989–2017 for wet 
sclerophyll forest in the Sydney Basin bioregion (SYD; panels a & b) and South Eastern Corner 
bioregion (SEC; panels c & d). Dark blue ribbons represent 50% credible intervals; grey ribbons 
represent 95% credible intervals; purple dots are raw data; horizontal black lines represent PGi 
= 0 (no change in greenness). 
 
5.5 Discussion 
Strongly divergent vegetation greening trends occurred across adjacent forested 
bioregions within southeastern Australia between 1989 and 2017. Moderate greening 
occurred for the Sydney Basin bioregion, with trends generally conforming to scenario c 
in the conceptual model (Fig 5.2c, c1), suggesting that post-fire vegetation recovery 
became faster and that maximum greenness increased over the 28-year study period. By 
(c)                   (d) 
(a)                   (b) 
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contrast, moderate browning occurred for the South Eastern Corner bioregion and 
trends generally conformed to scenario b in the conceptual model (Fig 5.2b, b1), 
suggesting that post-fire vegetation recovery became slower and that maximum 
greenness decreased over the same period. We may infer from our results that CO2 
fertilisation potentially contributed to greening for the Sydney Basin bioregion. 
However, this effect may have been offset by other factors for the South Eastern Corner 
bioregion, which are discussed below. 
 
5.5.1 Effects of eCO2 and climate variability 
The divergent trends across bioregions suggest that eCO2 effects may be contingent on 
interactions with other influences beyond those accounted for in the analyses at a 
regional scale. We investigated several potential drivers of vegetation greening, such as 
fire frequency and drought frequency, but these had little influence (Appendix D1.4). 
While we accounted for variation in mean annual air temperature and precipitation due 
to variation in elevation and distance from the coast, this also did little to explain the 
observed greening trends (Appendix D1.3). In addition, the average climatic variables 
used in our models were mostly drawn from the period 1961–1990 and do not reflect 
any temporal changes to rainfall patterns, or account for inter-decadal cycles in climatic 
variability arising from large-scale climate phenomena such as the El Niño-Southern 
Oscillation. For example, the Millennium Drought (late 1990s–2010) brought years of 
below-average rainfall to most of south-eastern Australia, though the severity of rainfall 
deficit was spatially and temporally variable (van Dijk et al. 2013). 
Both free-to-air CO2 enrichment (FACE) studies and glasshouse experiments 
have found that enhanced growth due to eCO2 may be constrained by water availability 
(Chapter 4; McCarthy et al. 2010). CO2-attributed increases in greenness over similar 
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time scales to those used in our study are likely to be detectable (Kolby Smith et al. 
2015). The Sydney Basin bioregion experienced a wetting trend during the spring 
growth period (July–December), over the period 1975–2009, while spring rainfall 
trends did not change for the South Eastern Corner bioregion over the same period 
(Bradstock et al. 2014). Further, both bioregions experienced an autumn drying trend 
between 1975 and 2009, while the South Eastern Corner had an increase in the number 
of days with extreme temperature (Bradstock et al. 2014). Severe drought (e.g. SPEI < -
1.5) during the later years of the Millennium Drought may have been more extensive 
within the SEC bioregion than SYD, as can be seen in the raw data density for TSD 
(Figs 5.3b, d  & 5.4b, d). On the other hand, many locations in SYD experienced more 
extensive severe drought than SEC during 2013 (e.g. TSD ~40 months; Fig 5.3b, d & 
4b, d). In spite of these apparent drought differences between bioregions, TSD effects 
were generally undetectable in our analyses. Further, preliminary analyses did not detect 
any major greening or browning trends associated with drought frequency (Appendix 
D1.3). Thus, it seems unlikely that variability in the extent and duration of major 
droughts during the time series would account for the divergent trends in our results. 
Our findings for temperate forests contrast with those for more arid regions, where 
widespread vegetation greening has been attributed to rainfall patterns returning to 
normal after decades of drought (Herrmann et al. 2005; Hickler et al. 2005; Brandt et 
al. 2015). Further insights into drought effects on vegetation greening in forested 
regions might be gained by investigating SPEI at multiple timescales, in order to tease 
apart short- vs long-term greening trends associated with drought or increased rainfall. 
Major increases in productivity have so far not been detected in mature eucalypt 
forests exposed to eCO2 in FACE experiments (Jiang et al. 2019 PREPRINT; Yang et 
al. 2020), casting some doubt on the capacity of such ecosystems to sequester additional 
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carbon with rising [CO2]. However, other temperate ecosystems may experience 
moderate biomass gains over decades (Walker et al. 2019; McCarthy et al. 2010). Over 
short time-scales (e.g. one year), eCO2 can substantially increase the biomass of young 
eucalypts under glasshouse conditions (Chapter 4), although herbivory and competition 
may negate such gains under field conditions (Collins et al. 2018a). It could be possible 
that eCO2 is utilised primarily by young plants during post-disturbance/successional 
stages, when herbivory or competition has been reduced by disturbance. 
5.5.2 Ecosystem resilience 
The divergence in bioregional-scale responses may also be indicative of variability in 
ecosystem resilience between bioregions, associated with geology and land use. For 
example, forests within the Sydney Basin bioregion occur mostly upon sandstone 
geology with shallow, rocky, infertile soils with poor moisture retention (DPI 2017). 
These forests demonstrate high resilience to changes in structure and population 
demography from the effects of drought and fire (Chapters 2 & 3). Forests in this region 
have been largely unmodified by direct human effects, such as logging or clearing for 
pastures, with large continuous tracts of forest contained within wilderness areas 
(NPWS 1998). Fire has been frequent in these forests, albeit with substantial 
fluctuations related to long-term climate, throughout the Holocene, with vegetation 
composition remaining stable for the last ~6000 years (Black and Mooney 2006). Thus, 
historical and contemporary evidence suggests that sclerophyllous vegetation upon 
sandstone parent material within this region is resilient to major changes in vegetation 
composition and structure.  
In contrast, forests within the South Eastern Corner bioregion occur across more 
variable geological parent material including granites, sandstones and metamorphic 
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rocks, with variable moisture retention and nutrient availability (Keith 2004; DPI 2017). 
There is evidence that the magnitude of changes in vegetation composition, fire regimes 
and rates of sedimentation due to land erosion in the post-European settlement era, have 
been comparatively greater at locations within the South Eastern Corner bioregion than 
other locations in southeastern Australia (Dodson and Mooney 2002). Vast areas of 
forest within the South Eastern Corner bioregion have been subject to historical logging 
(Metcalfe and Bui 2017) and recent analysis indicates this region has lost 1.1–2% of 
total forested area compared to a 0.1–1% increase in forested area for SYD during the 
period 2002–2006 (Metcalfe and Bui 2017). The long history of land degradation may 
be responsible for broadscale browning detected across the region. 
While direct comparative studies of forest resilience that address disturbance-
related mortality and changes to population structure between our two study bioregions 
are not available, eucalypt forests within the Sydney region may be more resilient in 
terms of their capacity to survive and resprout epicormically following severe drought 
or fire (Chapter 2) than other eucalypt communities (Fairman et al. 2017; Fairman et al. 
2019) and other global forest types (van Mantgem et al. 2009; Brando et al. 2014). 
Differences in resilience may lead to variable responses to drought and eCO2 across 
bioregions. For example, under eCO2 when water is limiting, the growth rates of 
hardier, more drought-tolerant species may not be reduced to the same extent as more 
sensitive species (Chapter 4). 
 
5.5.3 Conclusion 
Long-term increases in spring rainfall may be enhancing post-disturbance recovery in 
the Sydney region, and temporal drying trends in the South Eastern Corner bioregion 
may be slowing post-disturbance recovery, relative to the Sydney region. Divergent 
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trends were detected across similar forested regions, suggesting that CO2 fertilisation 
may be dependent on climate or other factors at the bioregional-scale. eCO2 is a potent 
mechanism that increases plant growth when water is plentiful (Chapter 4; McCarthy et 
al. 2010), so it may be possible that rising [CO2] interacted with increases in spring 
rainfall over the study period to increase greening for the Sydney region. In contrast, 
vegetation in the South Eastern Corner bioregion may be in a state of decline and if any 
potentially beneficial CO2 effects were present, they were muted or offset by other 
influences. Investigating the way that eCO2 interacts with recent changes to rainfall 
patterns and temperature was beyond the scope of our work. However, integrating these 
factors with measures of drought patterns and fire regimes will be required to gain 
further insight into the effects of rising [CO2] across temperate forested ecosystems.  
It is important to interpret our findings in the context of recent global trends of 
increasing drought and associated mega-fires (Boer et al. 2020). Changes in disturbance 
regimes of this magnitude or greater may have the capacity to modify forested 
landscapes to an extent that has not been previously observed. Less resilient ecosystems 
that are already on a trajectory of widespread landscape browning, such as the SEC in 











Chapter 6. Synthesis 
6.1 Summary of research 
In this thesis I aimed to disentangle and quantify the effects of drought, fire and 
atmospheric [CO2] on mortality and regeneration patterns in forests. These factors are 
influenced by global climate change and will ultimately shape forest composition, 
condition and CO2 source/sink dynamics in the future. Understanding what forests can 
tolerate is more important now than ever before, as human populations are booming, 
habitat loss and species extinction threatens ecosystems globally, and climate change 
begins to unravel the ecological fabric that underpins life on Earth. 
The first line of investigation in my thesis, Chapter 2, involved a retrospective, 
descriptive field survey of mortality and resprouting in mature trees in both dry (DSF) 
and wet sclerophyll forests (WSF) of the Sydney region. The two forest types represent 
contrasting topographic positions, ridge (DSF-dominated) and gully (WSF-dominated), 
that may moderate species responses to fire and drought. I sought to answer whether 
severe drought and frequent fire increased the likelihood of mortality and altered the 
expected resprouting position, i.e. from canopy branches to either the stem or stem-base 
(basal), and whether responses varied due to topographic position. I also asked whether 
mortality and resprouting position changed as a function of tree-size, bark type and 
previous fire damage. I found that eucalypt populations in both forest types were 
resilient to the effects of severe drought and frequent fire, but that mortality and 
resprouting position varied substantially with tree size, presence of previous damage 
and bark type. Tree mortality and changes to resprouting position from the canopy to 
the stem or stem-base were considerably more likely in smaller trees with previous fire 
damage, than larger trees without fire damage. Species with non-compact, fibrous, 
stringy or rough bark were more likely to resprout lower on the stem after being burnt, 
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than species with hard, compact bark. I concluded that populations dominated by 
species that have small stem diameters, thin/non-compact bark and previous fire 
damage are likely to be at elevated risk of mortality and to experience changes in 
resprouting position, e.g. from canopy resprouting to either stem or basal resprouting 
under future climate change. 
The second line of investigation, Chapter 3, built on the findings of the field 
survey described in Chapter 2, and addressed the question of whether the combined 
effect of severe drought and frequent fire was likely to lead to a bottleneck in juvenile 
recruitment. I also examined whether topographic position, represented by ridgetop 
DSF versus gully WSF, was driving spatial variation in the effects of drought and fire 
across these forests. I found that both forest types experienced increased rates of fire-
induced juvenile mortality in areas that had experienced severe drought compared to 
mild/moderate drought, though mortality rates were low across all drought and fire 
combinations. Topographic position did little to moderate juvenile mortality when 
exposed to severe drought plus fire. The total pool of juveniles was reduced under 
severe drought compared to mild/moderate drought for both forest types. I concluded 
that although these forests displayed resilience to the conditions examined in my study, 
predicted future increases in the frequency of coupled severe drought and fire may 
increase the susceptibility of these forests to major changes in structure and function.  
The third line of investigation, Chapter 4, was conducted in a controlled 
environment and addressed the question of whether drought-like conditions modified 
any potential effects of eCO2 on the growth of biomass components, including shoots, 
roots and storage organs used in post-fire resprouting. To gain insight into community-
level responses to future climate change, I compared indicative species of several 
widespread vegetation types, contrasting mesic WSF, moderately xeric DSF and the 
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strongly xeric grassy woodland (GW). I found that eCO2 increased plant biomass, but 
that drought-like conditions reduced this effect, with mesic species faring worst. Typical 
drought-related changes, such as increased leaf mass per unit area (LMA) and increased 
root:shoot mass ratio were more apparent in strongly xeric species, but were reduced 
under eCO2, indicating physiological adaptation to drought and potential benefits for 
some species under future projected climate change. The size of lignotubers increased in 
response to eCO2, in the absence of drought. I concluded that seedling growth and 
resprouting capacity may be enhanced by eCO2, which suggests continued dominance 
of resprouting functional-types in disturbance-prone ecosystems, although severe 
drought is likely to offset the beneficial effects of eCO2. 
The fourth and final line of investigation, Chapter 5, involved the development 
of models addressing long-term changes in remotely sensed vegetation greenness of 
forests across southeastern Australia. I asked whether greenness was increasing, once 
the anticipated effects of fire, drought and climate were controlled for. It was postulated 
that if greenness was increasing across adjacent, similar bioregions once these effects 
were controlled for, then it may be possible to infer that eCO2 influenced greening. 
These responses were independently assessed for two adjacent bioregions to gain 
insight into ecosystem resilience in light of global trends. I found strongly divergent 
greening responses between the two bioregions, with an overall increase in remotely 
sensed greenness for forests in the Sydney Basin bioregion and an overall decrease for 
forests in the South Eastern Corner bioregion. Time-since-fire and drought only 
accounted for small to moderate proportions in the degree of greenness change. I 
inferred from my result that fundamental relationships between time-since-disturbance 
and greening may have changed over the study period, potentially due to changes in 
long-term precipitation. eCO2 may have contributed to greening trends in both 
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bioregions, but this was potentially confounded by increased rainfall in the Sydney 
Basin bioregion and, either muted or offset by other influences in the South Eastern 
Corner bioregion,; for example, by decreased rainfall in that region and a lower 
resilience to drought. I concluded that CO2 fertilisation has variable effects among 
ecosystems, dependent on interactions with climate and ecosystem resilience. 
 
6.2 Population patterns under current climate 
Resprouting forests are considered highly resilient to disturbance (Bowman et al. 2013; 
Catry et al. 2013; Matusick et al. 2016), yet they are potentially at risk of increased 
mortality and demographic shifts due to intensification of disturbance regimes (Fairman 
et al. 2017; Fairman et al. 2019; Collins 2020). Population persistence through 
disturbance is dependent on the demographic balance between overall mortality and 
juvenile recruitment. Recruitment of new juveniles must be sufficient to replace losses 
of both existing juveniles and mature trees to maintain populations. Mature trees within 
resprouting forests of the Sydney region experience low rates of fire-related mortality 
and high rates of successful epicormic resprouting in response to increases in drought 
severity or fire frequency (Chapter 2). Juveniles in this region also experience low rates 
of fire-related mortality, although severe drought preceding fire increases juvenile 
mortality relative to mild/moderate drought (Chapter 3). The total post-fire abundance 
of live juveniles can be reduced by coupled severe drought and fire in both dry and wet 
sclerophyll forests (Chapter 3).  
This raises the question of whether the combined effects of severe drought and 
fire on mortality and regeneration are likely to lead to overall population decline in 
these forests. The expectation was that relatively high numbers of juveniles would offset 
any losses related to high fire frequency in mature trees (Chapters 2 & 3). Data from the 
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field surveys in Chapters 2 and 3 were used to assess: (i) whether eucalypt populations 
were likely to decline when exposed to severe drought preceding fire, estimated by 
calculating the magnitude of replacement (the number of live post-fire juveniles minus 
the number of fire-killed individuals >2.5 cm DBH); (ii) whether total post-fire 
abundance (all live juveniles plus mature trees) was lowest in areas exposed to severe 
drought preceding fire; and (iii) whether high fire frequency may offset any decline in 
population abundance due to severe drought.  
 Data analysis followed the modelling approaches in Chapter 3 for post-fire 
replacement balance and total post-fire abundance. Data for all models were 
aggregated by site (DSF, n = 56; WSF, n = 56). The data and R scripts used to generate 
the results are provided online in a data repository (https://github.com/erb418/EB.Ch-
6.scripts)  and secondary results summaries can be found in Appendix E1.1. 
In DSF, replacement was high (>80 individuals per site) across all drought/fire 
combinations, being highest under mild/moderate drought and similar among fire 
frequency classes (Fig 6.1a). Severe drought resulted in lower replacement by a median 
of 5 individuals per site relative to mild/moderate drought (Fig 6.1a). In WSF, 
replacement was low (<25 individuals per site) across all drought/fire combinations. 
Replacement in WSF was highest under high fire frequency in both drought classes and 
near zero under low fire frequency in both drought classes (Fig 6.1b). Under 
mild/moderate drought, high fire frequency corresponded with higher replacement by a 
median of 18 individuals per site relative to low fire frequency, although severe drought 
reduced this effect by a median of 9.5 individuals per site (Fig 6.1b). 
In DSF, post-fire abundance was high (140–190 individuals per site) across all 
drought/fire combinations, being highest under high fire frequency in both drought 
classes (Fig 6.1c). Post-fire abundance under severe drought was 16% lower under low 
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fire frequency and 9% lower under high fire frequency (Fig 6.1c). In WSF, post-fire 
abundance was low (20–55 individuals per site) across all drought/fire combinations 
and followed a similar pattern to DSF, although differences were larger (Fig 6.1d). Post-
fire abundance under severe drought was 35% lower under low fire frequency and 46% 
lower under high fire frequency (Fig 6.1d). 
 
Figure 6.1 The effect of drought severity and fire frequency on the predicted magnitude of 
replacement (panels a & b) and total post-fire live abundance (panels c & d) per site in dry 
sclerophyll forest (DSF; panels a & c) and wet sclerophyll forest (WSF; panels b & d) of the 
Sydney Basin. X-axis indicates drought severity / fire frequency combination (MD = 
mild/moderate drought; SD = severe drought; LF = low fire frequency; HF = high fire frequency); 
points are the raw data and colours correspond to treatment combinations; boxes and whiskers 
represent credible intervals for model predictions, where boxes represent the central 50% of 
posterior samples and whiskers represent upper and lower 95% bounds. Scaling of y-axis 
intended to empahasise predictions, resulting in raw data points lying above the plot window. 
Number of missing points per treatment combination is given in the same order as they appear 
on panels from left to right; panel (c): 3, 4, 0, 3; (d): 2, 6, 0, 0. 
 
These results suggest that recent, combined severe drought and fire are likely to 
have diminished total populations across two broadly distributed eucalypt forest types 
in southeastern Australia. Population decline was likely driven by reductions in the 
replacement of dead individuals by juveniles under severe drought conditions (Fig 6.1a, 
b), and elevated mortality of individuals 2.5–10 cm DBH (Chapter 3). Severe drought 
plus fire produced small declines in DSF and substantial declines in WSF post-fire 
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abundance (Fig 6.1c, d). Frequent fire did not effectively offset population decline, due 
to severe drought. This result aligns with other studies that have examined the effects of 
severe disturbance on tree populations (van Mantgem et al. 2009; Brando et al. 2014; 
Fairman et al. 2017). 
It is predicted that climate-change and extreme disturbance regimes will drive 
ecosystem-conversion (Bowman et al. 2013; Fairman et al. 2016). Increased mortality, 
along with reduced regeneration and recruitment, could ultimately lead to major 
changes in forest composition in the long term, in response to extreme drought or fire 
regimes in temperate forests globally (Suarez et al. 2004; Moser et al. 2010), and for 
both resilient and relatively-sensitive eucalypt communities (Bowman et al. 2014b; 
Fairman et al. 2017; Collins 2020). In our study region, it is unlikely that impending 
major changes to forest structure will occur in the short-term, as mortality rates in 
mature trees were not very sensitive to increases in drought severity or fire frequency 
(Chapter 2). Rather, elevated mortality in mature trees will likely be constrained to a 
subset of forested areas where stem-size is small and bark is predominantly thin and of a 
non-compact type (Chapter 2). Such populations are likely to occur along ecotones and 
marginal habitats such as exposed ridges with thins soils and low diversity of bark 
types. Previous fire damage, such as fire scars, will amplify the risk of mortality in such 
areas (Chapter 2; Collins 2020). On the other hand, plants with small stem diameters 
tend to have thin bark, irrespective of adult bark type (Pausas 2015). As such, risk of 
mortality for juveniles is intrinsically elevated and severe drought and fire may increase 
this risk further (Chapter 3). Therefore, whereas changes due to severe drought and fire 
may be constrained to vulnerable demographics for mature trees (see 2.5.2 for details), 
changes may be more extensive for juveniles. This suggests that populations may be 
destined for change over time: there will be a lag between changes to juvenile cohorts 
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and the shape of new mature cohorts; the effects of insufficient replacement may 
eventually result in more serious overall decline if the combined effect of severe 
drought and fire persists. However, inter-fire intervals sufficiently long enough (e.g. 
decades) to allow juveniles to reach fire-resistant sizes could provide balance and return 
ecosystems to a more stable state (Collins et al. 2014; Fairman et al. 2016). These 
scenarios might be considered an extension of the ball and cup conceptual model 
presented by (Bowman et al. 2013), where (i) fire alone or mild drought plus fire keeps 
the ball within the cup and population demography stable; (ii) severe drought plus fire 
increases mortality of smaller trees, bringing the ball to the lid of the cup and; (iii) 
repeated occurrence of severe drought and fire throw the ball out of the cup, via 
sustained decline of juveniles, eventually leading to decline of mature trees, which do 
not get replaced (Fig 6.2).  
 
Figure 6.2 Conceptual model of the effects of varying drought and fire regimes (coloured lines) 
on population demography and decline. In ecosystem change scenario 1 the ball stays within 
the cup; in ecosystem change scenario 2 the ball is brought to the lid of the cup; in ecosystem 
change scenario 3 the ball is thrown out of the cup. This is adapted from the alternative stable 
state theory presented by Bowman et al. (2013) and builds upon it by incorporating drought 
severity and frequency. 
 
  1               Mild drought + fire 
   2               Severe drought + fire 
Repeated severe    




In my study, I predicted declines in population abundance to be relatively 
modest within DSF—9% under ecosystem change scenario 1 and 16% under ecosystem 
change scenario 2. However, there were substantial declines predicted for WSF (35–
46%), which suggests that WSF populations were more sensitive to the conditions in 
my study and thus more likely than DSF populations to be thrown ‘out of the cup’, 
under ecosystem change scenario 3 (Fig 6.2). This reflects similar findings in other 
more sensitive vegetation types that have been affected by drought (e.g. sub-alpine & 
moist conifer forests, Harvey et al. 2016; Stevens-Rumann et al. 2018) and fire (sub-
alpine woodlands, Fairman et al. 2019). Wet sclerophyll forest within the study region 
may therefore be relatively more likely in future to transition into another state. This 
prediction should be interpreted with some caution: regeneration processes in tall-wet 
forests such as WSF likely operate on different time-scales than DSF, due to limitations 
on recruitment imposed by competition for light (Tng et al. 2014) and high overstory 
resistance due to tall canopies and low severity fire (Chapter 2). 
6.3 How might eCO2 modify future forests? 
Previous studies have hypothesized that eCO2 facilitates changes in ecosystem structure 
and function by favouring some plant taxa over others via enhanced photosynthesis 
(Bond 2000; Macinnis-Ng et al. 2011; Buitenwerf et al. 2012). This CO2 fertilization 
effect has been described as a key driver of vegetation greening over the last few 
decades at the global- and continental-scale (Donohue et al. 2009; Andela et al. 2013; 
Zhu et al. 2016). In the absence of drought and under controlled conditions, eCO2 may 
to lead to increased biomass accumulation and storage capacity in the organs used for 
post-disturbance resprouting, such as sub-surface lignotubers, across temperate eucalypt 
species (Chapter 4). However, FACE studies have been less conclusive, with some 
 
 120 
indicating that eCO2 provides little benefit to growth (Collins et al. 2018; Jiang et al. 
2019, PREPRINT; Yang et al. 2020) and others demonstrating substantial benefits 
(McCarthy et al. 2010; Walker et al. 2019). Thus, there remains potential for an 
increase in successful establishment of new eucalypts as a result of eCO2 when 
conditions are favourable (Ghannoum et al. 2010a). This may result in changes to distal 
measures of forest condition, such as remotely sensed vegetation greenness. However, 
the vegetation dynamics in disturbance-prone forests that will affect canopy density and 
vigour are complex: time-since-disturbance may have major effects on remotely sensed 
greenness of forests across time-series (Sulla-Menashe et al. 2018). In the temperate 
eucalypt forests in my research, once the potential for confounding effects of time-
since-fire were controlled for, strongly divergent long-term greening responses were 
found across bioregions with similar vegetation and macroecological patterns (Chapter 
5).  
This divergent greening response means that it is difficult to test the degree to 
which CO2 fertilisation may be altering the growth and responses of these forests. The 
experiment in Chapter 4 showed that eCO2 has the potential to enhance post-disturbance 
recovery and increase seedling growth rates, thereby promoting establishment of 
eucalypts. However, the experiment also showed that drought could negate such effects, 
though the magnitude of this contrary effect varied: species from more xeric 
communities showed greater ability to cope with drought-effects under eCO2, via 
increases in resource acquisition traits and reduced loss of biomass, compared with 
species from mesic communities (Chapter 4). It is possible that in regions where species 
have developed more effective drought-adaptations, the magnitude of eCO2-enhanced 
growth during favourable periods outweighs the reductions in growth during periods of 
drought. Further, drought may offset beneficial eCO2 effects more strongly in regions 
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where long-term rainfall is decreasing, than in regions where long-term rainfall is 
increasing, resulting in divergent greening trends (Chapter 5). In regions where rainfall 
is increasing and species have higher resilience to drought, the sporadic nature of 
disturbance may not be sufficient to counteract eCO2-assisted greening. Thus, 
variability in resilience among species and changes in long-term rainfall patterns may 
determine the extent to which eCO2 benefits the growth of forests.  
Forested regions could undergo greening via eCO2 effects during periods of 
adequate rainfall, and eCO2 may ameliorate drought-stress in some drought-adapted 
species, potentially allowing for relatively higher growth under drought conditions 
(Chapter 4). However, climate change may result in intensified drought and fire regimes 
that may moderate any CO2-related increases in vegetation greenness. Thus, for 
greening to increase across forests, species will need to utilise eCO2 to overcome 
increasingly severe limitations on the stability of tree populations. Utilising eCO2 to 
perform this function will probably be constrained by nutrient availability among 
ecosystems (Ellsworth et al. 2017). Limitations are likely to be species-specific and 
may present a ‘disturbance threshold’, whereby filtering of species will occur, 
depending on their ability to cope with intensified levels of disturbance (Fig 6.3). Will 
the effects of eCO2 in enhancing resprouting capacity and establishment offset the risks 
presented by worsening droughts and fires in the future? Will species composition shift 
toward those that are pre-adapted to drought and with more vigorous resprouting 
capabilities, thus maintaining or enhancing overall greenness levels (Chapters 2–3)? 
Will eCO2 differentially favour the resilience of such species as indicated in Chapter 4? 
Future forests could lose more sensitive species, giving way to dominance of hardier, 





Figure 6.3 Conceptual model of the effects of increasing atmospheric [CO2] (left y-axis) and 
current versus more extreme future disturbance regimes (x-axis) on resprouting and 
establishment success of eucalypts (red arrows) and landscape greening trends (right y-axis). 
Species are grouped by colours corresponding to their capacity to cope with intensified 
disturbance regimes and ability to benefit from elevated [CO2]. 
 
6.4 Future ecosystem resilience in light of recent global trends 
As the 21st Century progresses, we are presented with new climatic extremes that 
surpass historical records (Rahmstorf and Coumou 2011; Coumou and Rahmstorf 2012) 
and with worsening environmental catastrophes, including mega-droughts (Ma et al. 
2015) and fires (Boer et al. 2020; Nolan et al. 2020a). This unprecedented rate of global 
change will likely have a filtering effect on ecosystems (Hof et al. 2012), where species 
must adapt or be pre-adapted to change to avoid extinction. In any case, extraordinary 
modification of ecosystems is already occurring: major changes to the globally 
important polar biomes that regulate our atmosphere have resulted from 
disproportionate warming (Gillett et al. 2008) and the largest rainforests on Earth are 
predicted to undergo transformative changes that threaten vast swathes of biodiversity 
Hardy, drought tolerant species, pre-adapted to  
future change, no population declines 
Species may adapt to future change, some pop. 
declines when disturbance threshold reached 
Sensitive species, broad population declines 
when disturbance threshold reached  
Resprouting capacity and establishment success 
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(Hoffmann 2003). Even the most resilient forested biomes are experiencing new and 
foreboding changes in the magnitude of disturbances (Boer et al. 2020). 
Such changes may push resilient species such as eucalypts into unknown 
territory (see disturbance threshold, Fig 6.3). Evolution may have favoured species with 
resilience and resistance traits that already confer survival advantages under severe 
disturbance or those with the capacity to adapt. In the context of southeastern Australia, 
variability in ecosystem-level resilience across forests will become more apparent as 
conditions become more challenging. In fact, the resultant patterns may already be 
present, suggested by divergence of vegetation greening trends across forested regions 
(Chapter 5). To understand the mechanisms driving ecosystem resilience and to predict 
where ecosystems are most likely to be altered, several advancements are needed in the 
field: (i) identifying species or groups of species within forest types that possess 
resilience/resistance traits enabling persistence under global change (see Fig 6.3); (ii) 
quantifying the effects of fundamental differences in soil chemistry, climate and 
disturbance regimes across landscapes (e.g. bioregions; Chapter 5) on the distribution of 
such species; and (iii) improving our understanding of how the past distributions of 
species informs current distributions via models that incorporate palynological records, 
charcoal records and climate records (see Dodson and Mooney 2002; Black and 
Mooney 2006) across a variety of forested regions. This will provide historical context 








A1.1 Vegetation classes 
The vegetation of the study area is dominated by eucalypts and can be categorized into 
two broad and relatively diverse vegetation types, dry sclerophyll forest (DSF) and wet 
sclerophyll forest (WSF). Within these groups are more specific vegetation classes, as 
described by Keith (2004) (Table A.1). Understorey vegetation is often shrubby or 
grassy in DSF, and shrubby with vines and ferns in WSF (Keith 2004).  
Table A.1 Indicative Eucalyptus species found within vegetation classes (Keith 2004) of the 
greater Sydney region (DSF = dry scleophyll forest; WSF = wet scleophyll forest). 
Veg Type Keith Class Indicative species 
DSF 
Sydney Coastal Dry Sclerophyll 
forests 





























































A1.2 Descriptive photographs: site attributes 
 
 
Figure A.1 Composite image of field sites within various typical forms of dry sclerophyll forest. 
Panel (a) shows shrubby DSF dominated by Corymbia eximia in Yengo NP. Panel (b) shows 
grassy DSF dominated by Eucalyptus fibrosa in Cataract Dam Special Area. Panel (c) shows 
open woodland-type DSF dominated by Angophora bakerii in Yengo NP. Panel (d) shows 
shrubby DSF dominated by multiple species in the Avon Dam Special Area. Image credit: Eli 










Figure A.2 Composite image of field sites within various typical forms of wet sclerophyll forest. 
Panel (a) shows WSF with fern understorey dominated by Eucalyptus saligna in Putty SF. Panel 
(b) shows drier-type mixed-species WSF with grassy understorey in Wollemi NP. Panel (c) 
shows WSF with rainforest and vine thickets dominated by Angophora floribunda and E. saligna 
in Wollemi NP. Panel (d) shows WSF in gallery rainforest dominated by E. saligna in Wollemi 





A1.3 Bark types 
Table A.2 List of species identified during field survey, grouped by taxonomic similarities with 
description of bark types based on field observations and the descriptions in Boland et al. 
(2006), Klaphake (2012) and Brooker and Kleinig (1999). 







smooth to ground 
smooth to ground 
layered/rough/tesselated to small branches 
layered/porous/tesselated to small branches 
layered/porous/tesselated to small branches 
Corymbia Bloodwoods gummifera eximia 
layered/porous/tesselated to small branches 


















































long interwoven fibres to small branches 
long interwoven fibres to small branches 
long interwoven fibres to small branches 
long interwoven fibres to small branches 
long interwoven fibres to small branches 
long interwoven fibres to small branches 
long interwoven fibres to small branches 
loose/short fibres to main branches, smooth above 
loose/short fibres to small branches 
loose/short fibres to main branches, smooth above 
loose/short fibres to small branches 
smooth to ground 
smooth to ground 
smooth to ground 
smooth/plate like to ground or rough stocking/variable 
hard furrowed bark on main trunk, smooth above 
smooth to ground 
thick/compact persistent bark to small branches 
thick/compact persistent bark to small branches 
thick/compact persistent bark to small branches 
short/compact fibres on main trunk, smooth above 
short/compact fibres on main trunk, smooth above 
smooth to ground 
smooth to ground or rough stocking 
smooth to ground or rough stocking 
tesselated/short-long fibres to small branches 
smooth/plate-like to ground or rough stocking 
smooth/plate-like to ground or rough stocking 
thick/compact persistent bark to small branches 
loose/short fibres to main branches, smooth above 
loose/short fibres to main branches, smooth above 
smooth to ground or rough stocking 
smooth to ground or rough stocking 
smooth to ground 
smooth to ground or rough stocking 
smooth/plate-like to ground 






A1.4 Plot design 
 
Figure A.4 Diagram of field survey plots. Trees >20 cm DBH were sampled within the entire 
plot area (grey & white; 50 x 20 m); trees 10-20 cm DBH were sampled in the white plot area 





(a) (b) (c) (d) (e) 
Figure A.3 Examples of bark type categories used in our field study. (a) = rough bark; (b) = 
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A1.5 Descriptive photographs: tree attributes 
Canopy resprouting or unaffected 
 
Figure A.5 Composite image showing various forms of canopy resprouting following 2019/20 
bushfires in the upper Blue Mountains. Panels (a) and (b) show canopy resprouting in dry 
scelophyll forest with minimal loss of pre-fire canopy height. Panels (c) and (d) show canopy 
resprouting and unaffected tree canopies in wet sclerophyll forest with minimal loss of pre-fire 








Figure A.6 Composite image showing various forms of stem resprouting following recent 
bushfires in the upper Blue Mountains. Panels (a) and (b) show stem resprouting in dry 
sclerophyll forest with medium loss of pre-fire canopy height. Panel (c) shows stem resprouting 








Figure A.7 Composite image showing various forms of base resprouting following recent 
bushfires in the upper Blue Mountains. Panels (a) and (b) show base resprouting in open 
woodland with total loss of pre-fire canopy height. Panel (c) shows base resprouting in smaller 
stems in foreground and stem resprouting in larger stems of the same species in background. 










Figure A.8 Composite image showing fire scars of various sizes in both dry and wet sclerophyll 









Figure A.9 Boxplots of mean bark thickness (black horizontal bars) for bark types across forest 
types (DSF = panel a, b; WSF = panel c, d) and growth stages (pole-sized trees 10–20 cm DBH 
= left two panels; mature trees >20 cm DBH = right two panels). Box borders (top & bottom) = 
25th/75th percentiles; black dots = outliers; purple = fibrous bark, orange = hard bark, red = 
rough bark, green = smooth bark, blue = stringy bark; dotted horizontal black lines represent an 
‘intermediate’ bark thickness range. 
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Distribution of bark types (DSF) 
 
Figure A.10 Boxplots of mean number of trees per site (black horizontal bars) under low 
drought (a) and high drought (b) for bark types in DSF. Box borders (top & bottom) = 25th/75th 
percentiles; black dots = outliers; purple = fibrous bark, orange = hard bark, red = rough bark, 
green = smooth bark, blue = stringy bark; dotted horizontal black lines represent an 













Distribution of bark types (WSF) 
 
Figure A.11 Boxplots of mean number of trees per site (black horizontal bars) under low 
drought (a) and high drought (b) for bark types in WSF. Box borders (top & bottom) = 25th/75th 
percentiles; black dots = outliers; purple = fibrous bark, orange = hard bark, red = rough bark, 
green = smooth bark, blue = stringy bark; dotted horizontal black lines represent an 













Pre-fire canopy height (2013 max) across fire/drought combinations 
 
Figure A.12 Boxplots of mean canopy height (pre-fire) per site (black horizontal bars) under 
each drought/fire combination, for DSF (pole sized trees 10–20 cm DBH = light blue; mature 
trees >20 cm DBH = dark blue) and WSF (pole-sized trees 10–20 cm DBH = light green; mature 
trees >20 cm DBH = dark green). Box borders (top & bottom) = 25th/75th percentiles; black 
dots = outliers; dotted horizontal black lines represent a short trees (10 m, bottom line), medium 
trees (20 m, middle line) and taller trees (30 m, top line). 
 
Mortality  
Table A.3 Predicted mean, median (mid), 50% and 95% credible intervals for probability of 
mortality of trees >10 cm DBH in dry sclerophyll forest, grouped by drought severity and fire 
frequency class (MD = mild/moderate drought; SD = severe drought; LF = low fire frequency; 





DBH mean lwr95 lwr50 mid upr50 upr95 
MD/LF n 10-15 0.006 0.000 0.001 0.004 0.004 0.018 
MD/HF n 10-15 0.015 0.000 0.002 0.010 0.011 0.046 
SD/LF n 10-15 0.007 0.000 0.001 0.005 0.005 0.020 
SD/HF n 10-15 0.014 0.000 0.001 0.009 0.010 0.042 
MD/LF n 15-25 0.004 0.000 0.000 0.003 0.003 0.012 
MD/HF n 15-25 0.005 0.000 0.000 0.003 0.004 0.016 
SD/LF n 15-25 0.004 0.000 0.000 0.003 0.003 0.011 







DBH mean lwr95 lwr50 mid upr50 upr95 
MD/LF n 25-35 0.003 0.000 0.000 0.002 0.002 0.008 
MD/HF n 25-35 0.003 0.000 0.000 0.002 0.002 0.008 
SD/LF n 25-35 0.003 0.000 0.000 0.002 0.002 0.007 
SD/HF n 25-35 0.004 0.000 0.000 0.002 0.003 0.011 
MD/LF n 35-45 0.002 0.000 0.000 0.001 0.001 0.006 
MD/HF n 35-45 0.002 0.000 0.000 0.001 0.001 0.005 
SD/LF n 35-45 0.002 0.000 0.000 0.001 0.001 0.006 
SD/HF n 35-45 0.003 0.000 0.000 0.002 0.002 0.008 
MD/LF n 45-55 0.001 0.000 0.000 0.001 0.001 0.004 
MD/HF n 45-55 0.001 0.000 0.000 0.001 0.001 0.003 
SD/LF n 45-55 0.002 0.000 0.000 0.001 0.001 0.007 
SD/HF n 45-55 0.002 0.000 0.000 0.001 0.001 0.006 
MD/LF n 55-80 0.001 0.000 0.000 0.001 0.001 0.003 
MD/HF n 55-80 0.001 0.000 0.000 0.000 0.000 0.003 
SD/LF n 55-80 0.002 0.000 0.000 0.001 0.001 0.009 
SD/HF n 55-80 0.001 0.000 0.000 0.001 0.001 0.004 
MD/LF y 10-15 0.441 0.130 0.267 0.436 0.541 0.762 
MD/HF y 10-15 0.636 0.311 0.602 0.655 0.854 0.925 
SD/LF y 10-15 0.466 0.145 0.307 0.462 0.591 0.788 
SD/HF y 10-15 0.617 0.275 0.569 0.635 0.834 0.916 
MD/LF y 15-25 0.361 0.081 0.163 0.347 0.405 0.663 
MD/HF y 15-25 0.404 0.096 0.183 0.390 0.453 0.734 
SD/LF y 15-25 0.339 0.074 0.134 0.319 0.362 0.641 
SD/HF y 15-25 0.470 0.139 0.294 0.466 0.588 0.805 
MD/LF y 25-35 0.283 0.049 0.102 0.263 0.300 0.558 
MD/HF y 25-35 0.269 0.045 0.082 0.242 0.267 0.551 
SD/LF y 25-35 0.269 0.047 0.090 0.245 0.275 0.544 
SD/HF y 25-35 0.333 0.061 0.123 0.310 0.355 0.654 
MD/LF y 35-45 0.227 0.030 0.066 0.204 0.228 0.476 
MD/HF y 35-45 0.191 0.019 0.044 0.162 0.177 0.431 
SD/LF y 35-45 0.232 0.028 0.068 0.206 0.231 0.489 
SD/HF y 35-45 0.274 0.040 0.089 0.247 0.283 0.570 
MD/LF y 45-55 0.177 0.017 0.042 0.153 0.169 0.397 
MD/HF y 45-55 0.124 0.005 0.019 0.097 0.105 0.313 
SD/LF y 45-55 0.230 0.022 0.056 0.199 0.222 0.513 
SD/HF y 45-55 0.209 0.018 0.046 0.179 0.197 0.482 
MD/LF y 55-80 0.128 0.004 0.018 0.101 0.109 0.325 
MD/HF y 55-80 0.116 0.000 0.003 0.076 0.079 0.362 
SD/LF y 55-80 0.200 0.000 0.000 0.143 0.143 0.589 





Table A.4 Predicted mean, median (mid), 50% and 95% credible intervals for probability of 
mortality of trees >10 cm DBH in dry sclerophyll forest, grouped by bark type. 
Bark type Fire 
scar 
DBH mean lwr95 lwr50 mid upr50 upr95 
fibrous n 10-15 0.013 0.001 0.003 0.010 0.011 0.036 
hard n 10-15 0.005 0.390 0.547 0.641 0.752 0.890 
rough n 10-15 0.008 0.000 0.001 0.004 0.004 0.016 
smooth n 10-15 0.004 0.096 0.234 0.391 0.485 0.740 
stringy n 15-25 0.022 0.001 0.002 0.006 0.007 0.022 
fibrous n 15-25 0.006 0.275 0.387 0.524 0.602 0.814 
hard n 15-25 0.003 0.000 0.001 0.003 0.003 0.012 
rough n 15-25 0.004 0.136 0.227 0.369 0.428 0.667 
smooth n 25-35 0.002 0.001 0.005 0.016 0.018 0.057 
stringy n 25-35 0.010 0.527 0.697 0.750 0.858 0.935 
fibrous n 25-35 0.004 0.001 0.002 0.005 0.006 0.015 
hard n 25-35 0.001 0.252 0.371 0.474 0.541 0.730 
rough n 35-45 0.002 0.000 0.000 0.002 0.002 0.007 
smooth n 35-45 0.001 0.045 0.122 0.246 0.290 0.529 
stringy n 35-45 0.006 0.000 0.001 0.003 0.004 0.010 
fibrous n 35-45 0.003 0.160 0.264 0.360 0.419 0.611 
hard n 45-55 0.001 0.000 0.001 0.002 0.002 0.005 
rough n 45-55 0.002 0.075 0.139 0.227 0.258 0.441 
smooth n 45-55 0.001 0.001 0.003 0.008 0.010 0.025 
stringy n 45-55 0.004 0.382 0.524 0.603 0.688 0.830 
fibrous n 55-80 0.002 0.000 0.001 0.003 0.003 0.008 
hard n 55-80 0.001 0.167 0.272 0.351 0.409 0.575 
rough n 55-80 0.001 0.000 0.000 0.001 0.001 0.004 
smooth n 55-80 0.001 0.027 0.076 0.162 0.192 0.378 
stringy y 10-15 0.003 0.000 0.001 0.002 0.002 0.005 
fibrous y 10-15 0.002 0.098 0.177 0.252 0.292 0.442 
hard y 10-15 0.001 0.000 0.000 0.001 0.001 0.003 
rough y 10-15 0.001 0.049 0.097 0.148 0.175 0.294 
smooth y 15-25 0.001 0.001 0.002 0.005 0.006 0.014 
stringy y 15-25 0.003 0.265 0.388 0.476 0.539 0.697 
fibrous y 15-25 0.637 0.000 0.001 0.002 0.002 0.006 
hard y 15-25 0.407 0.108 0.199 0.279 0.330 0.501 
rough y 25-35 0.531 0.000 0.000 0.001 0.001 0.003 
smooth y 25-35 0.384 0.013 0.048 0.121 0.139 0.303 
stringy y 25-35 0.740 0.000 0.000 0.001 0.002 0.004 
fibrous y 25-35 0.482 0.060 0.126 0.195 0.230 0.374 
hard y 35-45 0.267 0.000 0.000 0.001 0.001 0.002 
rough y 35-45 0.373 0.029 0.064 0.111 0.130 0.238 
smooth y 35-45 0.243 0.000 0.001 0.004 0.004 0.010 
stringy y 35-45 0.603 0.176 0.300 0.394 0.457 0.622 
fibrous y 45-55 0.360 0.000 0.000 0.002 0.002 0.005 
hard y 45-55 0.180 0.043 0.134 0.218 0.267 0.448 
rough y 45-55 0.263 0.000 0.000 0.001 0.001 0.002 
smooth y 45-55 0.160 0.005 0.025 0.089 0.100 0.264 
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Bark type Fire 
scar 
DBH mean lwr95 lwr50 mid upr50 upr95 
stringy y 55-80 0.479 0.000 0.000 0.001 0.001 0.003 
fibrous y 55-80 0.290 0.023 0.078 0.148 0.179 0.334 
hard y 55-80 0.139 0.000 0.000 0.000 0.001 0.002 
rough y 55-80 0.206 0.010 0.036 0.082 0.095 0.209 
 
Table A.5 Predicted mean, median (mid), 50% and 95% credible intervals for probability of 
mortality of trees >10 cm DBH in wet sclerophyll forest, grouped by drought severity and fire 
frequency class (MD = mild/moderate drought; SD = severe drought; LF = low fire frequency; 




scar DBH mean lwr95 lwr50 mid upr50 upr95 
MD/LF n 10-15 0.061 0.003 0.009 0.044 0.048 0.170 
MD/HF n 10-15 0.061 0.004 0.013 0.046 0.051 0.160 
SD/LF n 10-15 0.016 0.000 0.002 0.011 0.012 0.047 
SD/HF n 10-15 0.053 0.003 0.010 0.039 0.043 0.145 
MD/LF n 15-25 0.031 0.002 0.007 0.024 0.026 0.082 
MD/HF n 15-25 0.026 0.002 0.005 0.020 0.022 0.069 
SD/LF n 15-25 0.012 0.001 0.002 0.009 0.010 0.034 
SD/HF n 15-25 0.022 0.001 0.004 0.016 0.018 0.059 
MD/LF n 25-35 0.016 0.001 0.003 0.012 0.013 0.041 
MD/HF n 25-35 0.010 0.001 0.002 0.008 0.008 0.027 
SD/LF n 25-35 0.010 0.000 0.002 0.007 0.008 0.026 
SD/HF n 25-35 0.009 0.000 0.001 0.006 0.007 0.024 
MD/LF n 35-45 0.010 0.001 0.002 0.008 0.009 0.027 
MD/HF n 35-45 0.005 0.000 0.001 0.004 0.004 0.013 
SD/LF n 35-45 0.008 0.000 0.002 0.006 0.007 0.022 
SD/HF n 35-45 0.005 0.000 0.000 0.003 0.003 0.013 
MD/LF n 45-55 0.009 0.001 0.002 0.007 0.007 0.022 
MD/HF n 45-55 0.003 0.000 0.001 0.002 0.002 0.008 
SD/LF n 45-55 0.008 0.000 0.001 0.006 0.006 0.020 
SD/HF n 45-55 0.003 0.000 0.000 0.002 0.003 0.010 
MD/LF n 55-80 0.007 0.000 0.002 0.006 0.006 0.020 
MD/HF n 55-80 0.001 0.000 0.000 0.001 0.001 0.004 
SD/LF n 55-80 0.006 0.000 0.001 0.004 0.004 0.016 
SD/HF n 55-80 0.004 0.000 0.000 0.003 0.003 0.012 
MD/LF y 10-15 0.747 0.476 0.731 0.770 0.910 0.970 
MD/HF y 10-15 0.757 0.510 0.741 0.777 0.905 0.966 
SD/LF y 10-15 0.458 0.128 0.299 0.452 0.573 0.804 
SD/HF y 10-15 0.724 0.452 0.699 0.744 0.888 0.965 
MD/LF y 15-25 0.628 0.346 0.560 0.637 0.778 0.898 
MD/HF y 15-25 0.584 0.285 0.499 0.591 0.733 0.873 
SD/LF y 15-25 0.411 0.125 0.249 0.400 0.482 0.732 
SD/HF y 15-25 0.535 0.218 0.424 0.537 0.674 0.854 
MD/LF y 25-35 0.477 0.196 0.342 0.473 0.570 0.770 
MD/HF y 25-35 0.373 0.114 0.221 0.358 0.432 0.666 
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SD/LF y 25-35 0.364 0.103 0.214 0.350 0.420 0.657 
SD/HF y 25-35 0.326 0.052 0.160 0.306 0.374 0.631 
MD/LF y 35-45 0.381 0.121 0.232 0.369 0.441 0.667 
MD/HF y 35-45 0.237 0.046 0.106 0.216 0.252 0.470 
SD/LF y 35-45 0.335 0.088 0.185 0.319 0.377 0.611 
SD/HF y 35-45 0.216 0.020 0.068 0.189 0.220 0.478 
MD/LF y 45-55 0.339 0.103 0.191 0.324 0.382 0.614 
MD/HF y 45-55 0.155 0.021 0.057 0.136 0.156 0.334 
SD/LF y 45-55 0.311 0.074 0.173 0.293 0.358 0.583 
SD/HF y 45-55 0.175 0.014 0.050 0.149 0.171 0.403 
MD/LF y 55-80 0.306 0.076 0.156 0.288 0.339 0.577 
MD/HF y 55-80 0.082 0.004 0.016 0.065 0.072 0.207 
SD/LF y 55-80 0.249 0.034 0.096 0.225 0.261 0.516 
SD/HF y 55-80 0.184 0.012 0.047 0.152 0.171 0.435 
 
Table A.6 Predicted mean, median (mid), 50% and 95% credible intervals for probability of 
mortality of trees >10 cm DBH in wet sclerophyll forest, grouped by bark type. 
Bark type Fire scar DBH mean lwr95 lwr50 mid upr50 upr95 
fibrous n 10-15 0.031 0.001 0.002 0.023 0.024 0.087 
hard n 10-15 0.043 0.194 0.568 0.633 0.812 0.908 
rough n 10-15 0.034 0.001 0.003 0.030 0.031 0.127 
smooth n 10-15 0.053 0.275 0.648 0.691 0.887 0.956 
stringy n 15-25 0.078 0.001 0.002 0.025 0.026 0.097 
fibrous n 15-25 0.015 0.222 0.578 0.650 0.824 0.938 
hard n 15-25 0.020 0.001 0.005 0.041 0.042 0.145 
rough n 15-25 0.016 0.339 0.718 0.752 0.907 0.961 
smooth n 25-35 0.025 0.002 0.008 0.060 0.064 0.207 
stringy n 25-35 0.038 0.438 0.799 0.824 0.938 0.979 
fibrous n 25-35 0.007 0.001 0.003 0.011 0.013 0.037 
hard n 25-35 0.010 0.145 0.354 0.458 0.585 0.746 
rough n 35-45 0.008 0.001 0.003 0.015 0.016 0.056 
smooth n 35-45 0.012 0.203 0.392 0.518 0.643 0.831 
stringy n 35-45 0.019 0.001 0.003 0.012 0.013 0.043 
fibrous n 35-45 0.005 0.158 0.344 0.473 0.592 0.789 
hard n 45-55 0.006 0.002 0.005 0.020 0.022 0.064 
rough n 45-55 0.005 0.273 0.519 0.596 0.743 0.866 
smooth n 45-55 0.008 0.002 0.008 0.030 0.033 0.096 
stringy n 45-55 0.012 0.372 0.644 0.694 0.833 0.919 
fibrous n 55-80 0.004 0.000 0.002 0.006 0.006 0.017 
hard n 55-80 0.005 0.073 0.182 0.291 0.356 0.547 
rough n 55-80 0.004 0.001 0.002 0.007 0.008 0.026 
smooth n 55-80 0.006 0.094 0.224 0.348 0.423 0.642 
stringy y 10-15 0.010 0.000 0.002 0.006 0.007 0.021 
fibrous y 10-15 0.003 0.072 0.179 0.303 0.367 0.596 
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hard y 10-15 0.004 0.001 0.003 0.010 0.011 0.030 
rough y 10-15 0.003 0.149 0.309 0.420 0.514 0.704 
smooth y 15-25 0.005 0.001 0.005 0.015 0.017 0.046 
stringy y 15-25 0.008 0.225 0.437 0.527 0.647 0.795 
fibrous y 15-25 0.599 0.000 0.001 0.004 0.004 0.012 
hard y 15-25 0.655 0.030 0.095 0.203 0.241 0.433 
rough y 25-35 0.615 0.000 0.001 0.005 0.005 0.017 
smooth y 25-35 0.710 0.044 0.125 0.253 0.300 0.530 
stringy y 25-35 0.778 0.000 0.001 0.004 0.004 0.014 
fibrous y 25-35 0.453 0.029 0.093 0.214 0.252 0.486 
hard y 35-45 0.518 0.000 0.002 0.006 0.007 0.020 
rough y 35-45 0.472 0.073 0.189 0.313 0.383 0.594 
smooth y 35-45 0.583 0.000 0.002 0.010 0.011 0.030 
stringy y 35-45 0.671 0.119 0.304 0.411 0.530 0.699 
fibrous y 45-55 0.301 0.000 0.000 0.003 0.003 0.010 
hard y 45-55 0.362 0.021 0.050 0.160 0.179 0.389 
rough y 45-55 0.319 0.000 0.000 0.003 0.004 0.014 
smooth y 45-55 0.424 0.026 0.072 0.203 0.232 0.476 
stringy y 55-80 0.519 0.000 0.000 0.003 0.003 0.012 
fibrous y 55-80 0.219 0.017 0.050 0.170 0.191 0.435 
hard y 55-80 0.271 0.000 0.001 0.005 0.005 0.017 
rough y 55-80 0.235 0.044 0.105 0.255 0.297 0.537 
 
Table A.7 Calculations of predicted mean value of summarised differences between treatment 
combinations for probability of mortality for small (10–15 cm DBH) and average-sized trees 




type Difference equation DSF (sml) DSF (avg) WSF (sml) 
WSF 
(avg) 
n fibrous SD/HF – MD/HF = -0.005  0.002 -0.004  0.000 
n hard SD/HF – MD/HF = -0.002  0.001 -0.010 -0.001 
n rough SD/HF – MD/HF = -0.003  0.001 -0.006  0.000 
n smooth SD/HF – MD/HF = -0.002  0.001 -0.009  0.000 
n stringy SD/HF – MD/HF = -0.008  0.003 -0.013  0.000 
n fibrous SD/LF – MD/LF  =  0.002  0.000 -0.035 -0.001 
n hard SD/LF – MD/LF  =  0.001  0.000 -0.052 -0.002 
n rough SD/LF – MD/LF  =  0.001  0.000 -0.042 -0.001 
n smooth SD/LF – MD/LF  =  0.001  0.000 -0.061 -0.002 
n stringy SD/LF – MD/LF  =  0.003 -0.001 -0.086 -0.003 
y fibrous SD/HF – MD/HF = -0.047  0.076 -0.036 -0.010 
y hard SD/HF – MD/HF = -0.056  0.053 -0.026 -0.028 
y rough SD/HF – MD/HF = -0.054  0.069 -0.032 -0.016 
y smooth SD/HF – MD/HF = -0.059  0.054 -0.027 -0.024 
y stringy SD/HF – MD/HF = -0.035  0.076 -0.021 -0.029 
y fibrous SD/LF – MD/LF  =  0.050 -0.017 -0.327 -0.034 






type Difference equation DSF (sml) DSF (avg) WSF (sml) 
WSF 
(avg) 
y rough SD/LF – MD/LF  =  0.052 -0.015 -0.317 -0.042 
y smooth SD/LF – MD/LF  =  0.046 -0.011 -0.295 -0.048 
y stringy SD/LF – MD/LF  =  0.044 -0.019 -0.258 -0.050 
n fibrous MD/HF – MD/LF =  0.018  0.000  0.002 -0.003 
n hard MD/HF – MD/LF =  0.007  0.000  0.002 -0.005 
n rough MD/HF – MD/LF =  0.011  0.000 -0.001 -0.004 
n smooth MD/HF – MD/LF =  0.006  0.000  0.003 -0.006 
n stringy MD/HF – MD/LF =  0.029  0.000  0.004 -0.009 
n fibrous SD/HF – SD/LF  =  0.011  0.002  0.034 -0.003 
n hard SD/HF – SD/LF  =  0.004  0.001  0.044 -0.003 
n rough SD/HF – SD/LF  =  0.007  0.001  0.034 -0.003 
n smooth SD/HF – SD/LF  =  0.004  0.001  0.055 -0.004 
n stringy SD/HF – SD/LF  =  0.018  0.003  0.078 -0.007 
y fibrous MD/HF – MD/LF =  0.233 -0.001  0.022 -0.124 
y hard MD/HF – MD/LF =  0.253 -0.002  0.022 -0.140 
y rough MD/HF – MD/LF =  0.262 -0.001  0.028 -0.131 
y smooth MD/HF – MD/LF =  0.264 -0.002  0.019 -0.157 
y stringy MD/HF – MD/LF =  0.188 -0.003  0.016 -0.171 
y fibrous SD/HF – SD/LF  =  0.136  0.092  0.312 -0.100 
y hard SD/HF – SD/LF  =  0.153  0.063  0.305 -0.119 
y rough SD/HF – SD/LF  =  0.155  0.083  0.313 -0.105 
y smooth SD/HF – SD/LF  =  0.158  0.062  0.287 -0.133 
y stringy SD/HF – SD/LF  =  0.109  0.092  0.253 -0.151 
 
Resprouting position 
Table A.8 Predicted mean probability (P) of membership in each resprouting position for trees 
>10 cm DBH, grouped by drought severity and fire frequency class (MD = mild/moderate 
drought; SD = severe drought; LF = low fire frequency; HF = high fire frequency) for dry and wet 
sclerophyll forest. Results for credible intervals and individual bark types available upon 

















MD/LF n 10-15 0.701 0.273 0.026 0.826 0.143 0.031 
MD/HF n 10-15 0.749 0.230 0.020 0.901 0.085 0.014 
SD/LF n 10-15 0.747 0.233 0.020 0.952 0.042 0.007 
SD/HF n 10-15 0.827 0.161 0.012 0.943 0.049 0.008 
MD/LF n 15-25 0.820 0.168 0.012 0.917 0.072 0.012 
MD/HF n 15-25 0.906 0.089 0.006 0.941 0.051 0.008 
SD/LF n 15-25 0.874 0.118 0.008 0.968 0.028 0.004 
SD/HF n 15-25 0.921 0.074 0.004 0.974 0.023 0.003 
MD/LF n 25-35 0.904 0.091 0.006 0.962 0.033 0.005 
MD/HF n 25-35 0.965 0.033 0.002 0.969 0.027 0.004 
SD/LF n 25-35 0.939 0.058 0.003 0.977 0.020 0.003 



















MD/LF n 35-45 0.937 0.059 0.003 0.979 0.018 0.003 
MD/HF n 35-45 0.979 0.019 0.001 0.984 0.014 0.002 
SD/LF n 35-45 0.949 0.048 0.003 0.981 0.017 0.002 
SD/HF n 35-45 0.983 0.016 0.001 0.994 0.005 0.001 
MD/LF n 45-55 0.942 0.055 0.003 0.985 0.013 0.002 
MD/HF n 45-55 0.980 0.019 0.001 0.991 0.008 0.001 
SD/LF n 45-55 0.948 0.049 0.003 0.984 0.014 0.002 
SD/HF n 45-55 0.988 0.012 0.001 0.997 0.003 0.000 
MD/LF n 55-80 0.921 0.075 0.005 0.988 0.011 0.002 
MD/HF n 55-80 0.983 0.016 0.001 0.996 0.003 0.000 
SD/LF n 55-80 0.944 0.052 0.004 0.989 0.009 0.001 
SD/HF n 55-80 0.991 0.008 0.000 0.999 0.001 0.000 
MD/LF y 10-15 0.493 0.437 0.070 0.689 0.240 0.071 
MD/HF y 10-15 0.554 0.390 0.056 0.798 0.166 0.036 
SD/LF y 10-15 0.547 0.397 0.055 0.894 0.089 0.017 
SD/HF y 10-15 0.660 0.306 0.034 0.877 0.103 0.020 
MD/LF y 15-25 0.645 0.321 0.035 0.827 0.143 0.029 
MD/HF y 15-25 0.787 0.197 0.016 0.870 0.110 0.020 
SD/LF y 15-25 0.729 0.249 0.022 0.926 0.063 0.010 
SD/HF y 15-25 0.816 0.171 0.013 0.938 0.054 0.008 
MD/LF y 25-35 0.780 0.204 0.016 0.914 0.073 0.012 
MD/HF y 25-35 0.907 0.087 0.005 0.927 0.063 0.010 
SD/LF y 25-35 0.849 0.142 0.010 0.945 0.048 0.007 
SD/HF y 25-35 0.919 0.077 0.005 0.972 0.025 0.004 
MD/LF y 35-45 0.846 0.145 0.010 0.950 0.043 0.007 
MD/HF y 35-45 0.944 0.053 0.003 0.961 0.034 0.005 
SD/LF y 35-45 0.872 0.120 0.008 0.954 0.040 0.006 
SD/HF y 35-45 0.953 0.044 0.002 0.986 0.012 0.002 
MD/LF y 45-55 0.856 0.135 0.009 0.964 0.031 0.005 
MD/HF y 45-55 0.946 0.051 0.003 0.979 0.019 0.003 
SD/LF y 45-55 0.872 0.120 0.008 0.961 0.034 0.005 
SD/HF y 45-55 0.965 0.033 0.002 0.992 0.007 0.001 
MD/LF y 55-80 0.818 0.169 0.013 0.969 0.027 0.004 
MD/HF y 55-80 0.955 0.042 0.003 0.991 0.008 0.001 
SD/LF y 55-80 0.875 0.115 0.010 0.974 0.023 0.003 








Table A.9 Calculations of predicted mean value of summarised differences between treatment 
combinations in each bark type for probability of resprouting position for small (10–15 cm DBH) 
and average-sized trees (DSF = 25–26 cm DBH; WSF = 40–43 cm DBH) in each forest type. R 
= resprouting position (C = canopy/unaffected; S = stem; B = base). 













C n fibrous SD/HF – MD/HF = 0.149 0.009 0.045  0.009 
C n hard SD/HF – MD/HF = 0.038 0.001 0.031  0.005 
C n rough SD/HF – MD/HF = 0.132 0.006 0.079  0.020 
C n smooth SD/HF – MD/HF = 0.081 0.002 0.031  0.005 
C n stringy SD/HF – MD/HF = 0.123 0.005 0.033  0.006 
C n fibrous SD/LF – MD/LF  = 0.056 0.091 0.161 -0.003 
C n hard SD/LF – MD/LF  = 0.019 0.011 0.109  0.001 
C n rough SD/LF – MD/LF  = 0.053 0.062 0.241  0.004 
C n smooth SD/LF – MD/LF  = 0.037 0.028 0.114  0.000 
C n stringy SD/LF – MD/LF  = 0.051 0.054 0.128 -0.001 
C y fibrous SD/HF – MD/HF = 0.133 0.022 0.083  0.021 
C y hard SD/HF – MD/HF = 0.079 0.003 0.061  0.013 
C y rough SD/HF – MD/HF = 0.151 0.015 0.122  0.047 
C y smooth SD/HF – MD/HF = 0.135 0.006 0.065  0.013 
C y stringy SD/HF – MD/HF = 0.152 0.012 0.067  0.015 
C y fibrous SD/LF – MD/LF  = 0.043 0.138 0.256 -0.006 
C y hard SD/LF – MD/LF  =  0.036  0.028  0.188  0.003 
C y rough SD/LF – MD/LF  =  0.053  0.116  0.314  0.008 
C y smooth SD/LF – MD/LF  =  0.054  0.066  0.201  0.000 
C y stringy SD/LF – MD/LF  =  0.054  0.106  0.219 -0.001 
S n fibrous SD/HF – MD/HF = -0.121 -0.009 -0.038 -0.008 
S n hard SD/HF – MD/HF = -0.036 -0.001 -0.026 -0.005 
S n rough SD/HF – MD/HF = -0.117 -0.006 -0.064 -0.017 
S n smooth SD/HF – MD/HF = -0.075 -0.002 -0.027 -0.004 
S n stringy SD/HF – MD/HF = -0.110 -0.004 -0.028 -0.005 
S n fibrous SD/LF – MD/LF  = -0.044 -0.084 -0.131  0.003 
S n hard SD/LF – MD/LF  = -0.017 -0.010 -0.090 -0.001 
S n rough SD/LF – MD/LF  = -0.046 -0.058 -0.176 -0.003 
S n smooth SD/LF – MD/LF  = -0.034 -0.026 -0.095  0.000 
S n stringy SD/LF – MD/LF  = -0.045 -0.050 -0.106  0.001 
S y fibrous SD/HF – MD/HF = -0.068 -0.021 -0.067 -0.019 
S y hard SD/HF – MD/HF = -0.072 -0.003 -0.050 -0.012 
S y rough SD/HF – MD/HF = -0.111 -0.014 -0.087 -0.040 
S y smooth SD/HF – MD/HF = -0.118 -0.005 -0.053 -0.012 
S y stringy SD/HF – MD/HF = -0.117 -0.011 -0.055 -0.013 
S y fibrous SD/LF – MD/LF  = -0.014 -0.118 -0.189  0.005 
S y hard SD/LF – MD/LF  = -0.033 -0.027 -0.145 -0.003 
S y rough SD/LF – MD/LF  = -0.034 -0.104 -0.187 -0.006 
S y smooth SD/LF – MD/LF  = -0.046 -0.062 -0.155  0.000 
S y stringy SD/LF – MD/LF  = -0.037 -0.096 -0.167  0.001 
B n fibrous SD/HF – MD/HF = -0.028 -0.001 -0.007 -0.001 
B n hard SD/HF – MD/HF = -0.002  0.000 -0.004 -0.001 
B n rough SD/HF – MD/HF = -0.015  0.000 -0.015 -0.003 
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B n smooth SD/HF – MD/HF = -0.006  0.000 -0.004 -0.001 
B n stringy SD/HF – MD/HF = -0.013  0.000 -0.005 -0.001 
B n fibrous SD/LF – MD/LF  = -0.012 -0.007 -0.030  0.000 
B n hard SD/LF – MD/LF  = -0.001 -0.001 -0.019  0.000 
B n rough SD/LF – MD/LF  = -0.007 -0.004 -0.065 -0.001 
B n smooth SD/LF – MD/LF  = -0.003 -0.002 -0.019  0.000 
B n stringy SD/LF – MD/LF  = -0.006 -0.003 -0.022  0.000 
B y fibrous SD/HF – MD/HF = -0.066 -0.001 -0.017 -0.003 
B y hard SD/HF – MD/HF = -0.007  0.000 -0.011 -0.002 
B y rough SD/HF – MD/HF = -0.040 -0.001 -0.035 -0.007 
B y smooth SD/HF – MD/HF = -0.017  0.000 -0.012 -0.002 
B y stringy SD/HF – MD/HF = -0.034 -0.001 -0.012 -0.002 
B y fibrous SD/LF – MD/LF  = -0.029 -0.020 -0.067  0.001 
B y hard SD/LF – MD/LF  = -0.003 -0.002 -0.044  0.000 
B y rough SD/LF – MD/LF  = -0.019 -0.012 -0.127 -0.002 
B y smooth SD/LF – MD/LF  = -0.008 -0.004 -0.046  0.000 
B y stringy SD/LF – MD/LF  = -0.017 -0.010 -0.052  0.000 
C n fibrous MD/HF – MD/LF =  0.038  0.144  0.098  0.005 
C n hard MD/HF – MD/LF =  0.008  0.016  0.068  0.003 
C n rough MD/HF – MD/LF =  0.034  0.095  0.141  0.012 
C n smooth MD/HF – MD/LF =  0.022  0.042  0.074  0.003 
C n stringy MD/HF – MD/LF =  0.031  0.080  0.083  0.003 
C n fibrous SD/HF – SD/LF  =  0.131  0.063 -0.018  0.016 
C n hard SD/HF – SD/LF  =  0.028  0.006 -0.010  0.007 
C n rough SD/HF – SD/LF  =  0.112  0.038 -0.020  0.028 
C n smooth SD/HF – SD/LF  =  0.067  0.016 -0.009  0.008 
C n stringy SD/HF – SD/LF  =  0.103  0.031 -0.013  0.010 
C y fibrous MD/HF – MD/LF =  0.033  0.237  0.141  0.011 
C y hard MD/HF – MD/LF =  0.019  0.043  0.107  0.006 
C y rough MD/HF – MD/LF =  0.037  0.188  0.155  0.025 
C y smooth MD/HF – MD/LF =  0.035  0.102  0.117  0.007 
C y stringy MD/HF – MD/LF =  0.037  0.168  0.127  0.008 
C y fibrous SD/HF – SD/LF  =  0.123  0.121 -0.032  0.038 
C y hard SD/HF – SD/LF  =  0.061  0.017 -0.021  0.016 
C y rough SD/HF – SD/LF  =  0.135  0.087 -0.037  0.064 
C y smooth SD/HF – SD/LF  =  0.115  0.042 -0.019  0.020 
C y stringy SD/HF – SD/LF  =  0.135  0.074 -0.024  0.024 
S n fibrous MD/HF – MD/LF = -0.032 -0.134 -0.078 -0.004 
S n hard MD/HF – MD/LF = -0.008 -0.015 -0.055 -0.002 
S n rough MD/HF – MD/LF = -0.030 -0.089 -0.094 -0.011 
S n smooth MD/HF – MD/LF = -0.020 -0.039 -0.060 -0.002 
S n stringy MD/HF – MD/LF = -0.028 -0.075 -0.067 -0.003 
S n fibrous SD/HF – SD/LF  = -0.110 -0.059  0.015 -0.014 
S n hard SD/HF – SD/LF  = -0.027 -0.006  0.009 -0.006 
S n rough SD/HF – SD/LF  = -0.101 -0.036  0.017 -0.025 
S n smooth SD/HF – SD/LF  = -0.062 -0.015  0.008 -0.007 
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S n stringy SD/HF – SD/LF  = -0.093 -0.029  0.011 -0.008 
S y fibrous MD/HF – MD/LF = -0.017 -0.207 -0.097 -0.010 
S y hard MD/HF – MD/LF = -0.017 -0.040 -0.078 -0.006 
S y rough MD/HF – MD/LF = -0.027 -0.171 -0.070 -0.021 
S y smooth MD/HF – MD/LF = -0.030 -0.096 -0.086 -0.006 
S y stringy MD/HF – MD/LF = -0.028 -0.154 -0.092 -0.007 
S y fibrous SD/HF – SD/LF  = -0.070 -0.110  0.025 -0.033 
S y hard SD/HF – SD/LF  = -0.056 -0.016  0.017 -0.014 
S y rough SD/HF – SD/LF  = -0.104 -0.081  0.030 -0.055 
S y smooth SD/HF – SD/LF  = -0.102 -0.039  0.016 -0.018 
S y stringy SD/HF – SD/LF  = -0.108 -0.069  0.020 -0.021 
B n fibrous MD/HF – MD/LF = -0.006 -0.011 -0.020 -0.001 
B n hard MD/HF – MD/LF = -0.001 -0.001 -0.013  0.000 
B n rough MD/HF – MD/LF = -0.004 -0.006 -0.047 -0.002 
B n smooth MD/HF – MD/LF = -0.002 -0.002 -0.014  0.000 
B n stringy MD/HF – MD/LF = -0.003 -0.005 -0.016  0.000 
B n fibrous SD/HF – SD/LF  = -0.022 -0.004  0.003 -0.002 
B n hard SD/HF – SD/LF  = -0.002  0.000  0.001 -0.001 
B n rough SD/HF – SD/LF  = -0.012 -0.002  0.003 -0.004 
B n smooth SD/HF – SD/LF  = -0.005 -0.001  0.001 -0.001 
B n stringy SD/HF – SD/LF  = -0.010 -0.002  0.002 -0.001 
B y fibrous MD/HF – MD/LF = -0.015 -0.030 -0.044 -0.002 
B y hard MD/HF – MD/LF = -0.001 -0.002 -0.029 -0.001 
B y rough MD/HF – MD/LF = -0.010 -0.017 -0.085 -0.004 
B y smooth MD/HF – MD/LF = -0.005 -0.007 -0.031 -0.001 
B y stringy MD/HF – MD/LF = -0.009 -0.014 -0.036 -0.001 
B y fibrous SD/HF – SD/LF  = -0.052 -0.012  0.007 -0.005 
B y hard SD/HF – SD/LF  = -0.005 -0.001  0.003 -0.002 
B y rough SD/HF – SD/LF  = -0.032 -0.006  0.007 -0.009 
B y smooth SD/HF – SD/LF  = -0.013 -0.002  0.003 -0.003 




B1.1 Secondary results summaries 
Juvenile mortality 
Table B.1 Predicted medians (mid), 50% and 95% credible intervals for probability of juvenile 
mortality in dry sclerophyll forest (MD = mild/moderate drought; SD = severe drought; LF = low 
fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 0.006 0.013 0.024 0.027 0.051 
MD/HF 0.012 0.022 0.034 0.041 0.069 
SD/LF 0.063 0.104 0.143 0.166 0.250 
SD/HF 0.025 0.047 0.067 0.081 0.129 
 
Table B.2 Predicted medians (mid), 50% and 95% credible intervals for probability of juvenile 
mortality in wet sclerophyll forest (MD = mild/moderate drought; SD = severe drought; LF = low 
fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 0.001 0.008 0.031 0.035 0.094 
MD/HF 0.000 0.002 0.010 0.011 0.032 
SD/LF 0.004 0.036 0.093 0.111 0.239 
SD/HF 0.012 0.035 0.079 0.090 0.176 
 
Table B.3 Calculations of the predicted median value of summarised differences between 
treatment combinations for probability of juvenile mortality in each forest type. 
Difference equation DSF WSF 
SD/LF – MD/LF  =  0.116  0.057 
SD/HF – MD/HF =  0.032  0.065 
SD/HF – SD/LF  = -0.075 -0.013 











Table B.4 Predicted medians (mid), 50% and 95% credible intervals for counts of post-fire 
seedlings per site in dry sclerophyll forest (MD = mild/moderate drought; SD = severe drought; 
LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 0 0 13 13 48 
MD/HF 0 0 4 4 14 
SD/LF 0 0 0 0 4 
SD/HF 1 7 27 32 69 
 
Table B.5 Predicted medians (mid), 50% and 95% credible intervals for counts of post-fire 
seedlings per site in wet sclerophyll forest (MD = mild/moderate drought; SD = severe drought; 
LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 0 0 0 0 2 
MD/HF 0 1 8 8 23 
SD/LF 0 0 0 0 1 
SD/HF 0 0 0 0 3 
 
Table B.6 Calculations of the predicted median value of summarised differences between 
treatment combinations for counts of post-fire seedlings per site in each forest type. 
Difference equation DSF WSF 
SD/LF – MD/LF  = -13  0 
SD/HF – MD/HF =  21 -7 
SD/HF – SD/LF  =  25  0 














Table B.7 Predicted medians (mid), 50% and 95% credible intervals for counts of surviving 
resprouts per site in dry sclerophyll forest (MD = mild/moderate drought; SD = severe drought; 
LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 52 72 87 95 124 
MD/HF 98 125 147 156 194 
SD/LF 40 59 77 83 114 
SD/HF 43 59 73 77 100 
 
Table B.8 Predicted medians (mid), 50% and 95% credible intervals for counts of surviving 
resprouts per site in wet sclerophyll forest (MD = mild/moderate drought; SD = severe drought; 
LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 1 3 5 6 12 
MD/HF 2 6 11 12 21 
SD/LF 0 1 2 2 5 
SD/HF 2 4 7 7 12 
 
Table B.9 Calculations of the predicted median value of summarised differences between 
treatment combinations for counts of surviving resprouts per site in each forest type. 
Difference equation DSF WSF 
SD/LF – MD/LF  =    -9  -3 
SD/HF – MD/HF =  -74  -4 
SD/HF – SD/LF  =    -5   4 














Table B.10 Predicted medians (mid), 50% and 95% credible intervals for counts of dead 
juveniles per site in dry sclerophyll forest (MD = mild/moderate drought; SD = severe drought; 
LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 0 1 3 3 7 
MD/HF 2 3 6 6 11 
SD/LF 6 10 15 16 25 
SD/HF 1 4 10 11 23 
 
Table B.11 Predicted medians (mid), 50% and 95% credible intervals for counts of dead 
juveniles per site in wet sclerophyll forest (MD = mild/moderate drought; SD = severe drought; 
LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 0 0 0 0 1 
MD/HF 0 0 0 0 1 
SD/LF 0 0 1 1 1 
SD/HF 0 0 1 1 2 
 
Table B.12 Calculations of the predicted median value of summarised differences between 
treatment combinations for counts of dead juveniles per site in each forest type. 
Difference equation DSF WSF 
SD/LF – MD/LF  =    12   0 
SD/HF – MD/HF =      4   0 
SD/HF – SD/LF  =     -5   0 














Table B.13 Predicted medians (mid), 50% and 95% credible intervals for magnitude of 
replacement per site in dry sclerophyll forest (MD = mild/moderate drought; SD = severe 
drought; LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF -10.439 -0.799 3.255 7.385 16.569 
MD/HF -11.080 -3.164 1.594 5.404 14.179 
SD/LF -20.455 -12.599 -8.448 -4.537 3.471 
SD/HF -16.882 -3.511 2.760 9.205 21.177 
 
Table B.14 Predicted medians (mid), 50% and 95% credible intervals for magnitude of 
replacement per site in wet sclerophyll forest (MD = mild/moderate drought; SD = severe 
drought; LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF -1.654 -0.518 -0.109 0.198 1.934 
MD/HF -1.582 3.525 8.610 11.114 21.319 
SD/LF -1.219 -0.614 -0.287 -0.085 0.669 
SD/HF -3.125 -0.977 0.020 0.924 3.555 
 
Table B.15 Calculations of the predicted median value of summarised differences between 
treatment combinations for magnitude of replacement per site in each forest type. 
Difference equation DSF WSF 
SD/LF – MD/LF  =     -11.8    -0.194 
SD/HF – MD/HF =      0.976    -8.56 
SD/HF – SD/LF  =      11.3     0.295 
MD/HF – MD/LF =     -1.74      8.63 
 
Table B.16 Predicted mean probability of decline (e.g. probability of decline <0 replacement) 
per site in dry sclerophyll forest (MD = mild/moderate drought; SD = severe drought; LF = low 
fire frequency; HF = high fire frequency). 








Table B.17 Predicted mean probability of decline (e.g. probability of decline <0 replacement) 
per site in wet sclerophyll forest (MD = mild/moderate drought; SD = severe drought; LF = low 
fire frequency; HF = high fire frequency). 







Table B.18 Predicted medians (mid), 50% and 95% credible intervals for post-fire abundance of 
juveniles per site in wet sclerophyll forest (MD = mild/moderate drought; SD = severe drought; 
LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 83 131 166 189 263 
MD/HF 115 143 165 176 219 
SD/LF 44 65 86 93 130 
SD/HF 83 118 149 163 223 
 
Table B.19 Predicted medians (mid), 50% and 95% credible intervals for post-fire abundance of 
juveniles per site in wet sclerophyll forest (MD = mild/moderate drought; SD = severe drought; 
LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 0 3 8 9 20 
MD/HF 2 11 23 26 48 
SD/LF 0 2 3 4 9 
SD/HF 3 7 11 12 20 
 
Table B.20 Calculations of the predicted median value of summarised differences between 
treatment combinations for post-fire replacement of juveniles per site in each forest type. 
Difference equation DSF WSF 
SD/LF – MD/LF  =      -79     -5 
SD/HF – MD/HF =      -16    -11 
SD/HF – SD/LF  =      62    8      










C1.1 Water potential monitoring 
 
Figure C.1 Water potential (megaPascals, MPa; y-axis) measured twice-weekly (x-axis) for 
plants subjected to four combinations of [CO2] and watering treatments (400ppm + drought, 
panel a; 640ppm + drought, panel b; 400ppm + well-watered, panel c; 640ppm + well-watered, 
panel d) in a glasshouse experiment consisting of nine eucalypt species grouped into three 
vegetation types (wet sclerophyll forest = WSF, dry sclerophyll forest = DSF, grassy woodland = 









C1.2 Secondary results summaries 
Species-level models 
We analysed species-specific responses to elevated CO2 and drought-like conditions to 
investigate how variability at the community-level was influenced by species, in order 
to confirm the appropriateness of our experimental design (Figs C2—C4). The 
modelling approach was similar to that described in section 4.3.4, but with adjusted 
model parameters to account for species-level responses. The majority of species 
responded similary, with the exception of one species in both DSF (C. gummifera) and 
WSF (E. fastigata), which did not respond as strongly as the other species within their 







Figure C.2 Observed (points) and predicted (box and whiskers) total biomass for plants 
subjected to four combinations of CO2 and watering treatments (elevated CO2 + well-watered = 
eCO2 + W; ambient CO2 + well-watered = aCO2 + W; elevated CO2 + drought = eCO2 + D; 
ambient CO2 + drought = aCO2 + D; bottom x-axis) in a glasshouse experiment consisting of 
nine eucalypt species grouped into three vegetation types (wet sclerophyll forest = WSF; dry 
sclerophyll forest = DSF; grassy woodland = GW). Coloured points are raw data and colours 
correspond to species 1, 2 and 3 within each vegetation type; black shaded boxes represent 
50% credible intervals and black shaded whiskers represent 95% intervals at the group-level, 
independent of the species-level responses. Coloured shaded boxes represent 50% credible 
intervals and coloured shaded whiskers represent 95% intervals at the species-level, 






Figure C.3 Observed (points) and predicted (box and whiskers) above-ground biomass for 
plants subjected to four combinations of CO2 and watering treatments (elevated CO2 + well-
watered = eCO2 + W; ambient CO2 + well-watered = aCO2 + W; elevated CO2 + drought = eCO2 
+ D; ambient CO2 + drought = aCO2 + D; bottom x-axis) in a glasshouse experiment consisting 
of nine eucalypt species grouped into three vegetation types (wet sclerophyll forest = WSF; dry 
sclerophyll forest = DSF; grassy woodland = GW). Coloured points are raw data and colours 
correspond to species 1, 2 and 3 within each vegetation type; black shaded boxes represent 
50% credible intervals and black shaded whiskers represent 95% intervals at the group-level, 
independent of the species-level responses. Coloured shaded boxes represent 50% credible 
intervals and coloured shaded whiskers represent 95% intervals at the species-level, 




Figure C.4 Observed (points) and predicted (box and whiskers) below-ground biomass for 
plants subjected to four combinations of CO2 and watering treatments (elevated CO2 + well-
watered = eCO2 + W; ambient CO2 + well-watered = aCO2 + W; elevated CO2 + drought = eCO2 
+ D; ambient CO2 + drought = aCO2 + D; bottom x-axis) in a glasshouse experiment consisting 
of nine eucalypt species grouped into three vegetation types (wet sclerophyll forest = WSF; dry 
sclerophyll forest = DSF; grassy woodland = GW). Coloured points are raw data and colours 
correspond to species 1, 2 and 3 within each vegetation type; black shaded boxes represent 
50% credible intervals and black shaded whiskers represent 95% intervals at the group-level, 
independent of the species-level responses. Coloured shaded boxes represent 50% credible 
intervals and coloured shaded whiskers represent 95% intervals at the species-level, 




Table C.1 Predicted mean, median (mid), 50% and 95% credible intervals for total biomass (g) 
of plants subjected to four combinations of CO2 and watering treatments (400ppm = ambient 
CO2; 640ppm = elevated CO2; D = drought; W = well-watered) in a glasshouse experiment 
consisting of nine eucalypt species grouped into three vegetation types (wet sclerophyll forest = 
WSF, dry sclerophyll forest = DSF; grassy woodland = GW). 
veg [CO2]/watering mean lwr95 lwr50 mid upr50 upr95 
DSF 400ppm + D 8.68 6.97 7.95 8.61 9.12 10.51 
DSF 640ppm + D 11.1 8.91 10.11 11.01 11.59 13.45 
DSF 400ppm + W 13.8 10.55 12.22 13.68 14.43 17.26 
DSF 640ppm + W 18.3 13.80 16.14 18.03 19.19 23.09 
GW 400ppm + D 14.2 13.06 13.77 14.20 14.54 15.37 
GW 640ppm + D 16.4 15.43 16.00 16.34 16.64 17.32 
GW 400ppm + W 23.0 18.92 21.21 22.83 24.00 27.32 
GW 640ppm + W 27.2 22.83 25.34 27.06 28.27 31.71 
WSF 400ppm + D 13.7 11.55 12.85 13.62 14.27 15.79 
WSF 640ppm + D 15.5 6.97 7.95 8.61 9.12 10.51 
WSF 400ppm + W 26.1 8.91 10.11 11.01 11.59 13.45 
WSF 640ppm + W 34.0 10.55 12.22 13.68 14.43 17.26 
 
Table C.2 Predicted mean, median (mid), 50% and 95% credible intervals for above-ground 
biomass (g) of plants subjected to four combinations of CO2 and watering treatments (400ppm = 
ambient CO2; 640ppm = elevated CO2; D = drought; W = well-watered) in a glasshouse 
experiment consisting of nine eucalypt species grouped into three vegetation types (wet 
sclerophyll forest = WSF, dry sclerophyll forest = DSF; grassy woodland = GW). 
veg [CO2]/watering mean lwr95 lwr50 mid upr50 upr95 
DSF 400ppm + D 7.86 6.30 7.19 7.81 8.25 9.50 
DSF 640ppm + D 10.1 8.15 9.27 10.07 10.63 12.33 
DSF 400ppm + W 12.9 9.79 11.51 12.76 13.66 16.30 
DSF 640ppm + W 17.1 13.05 15.20 16.88 18.13 21.81 
GW 400ppm + D 11.4 10.52 11.09 11.42 11.71 12.38 
GW 640ppm + D 13.7 12.90 13.42 13.69 13.96 14.55 
GW 400ppm + W 19.4 15.70 17.86 19.31 20.34 23.23 
GW 640ppm + W 22.6 19.15 21.09 22.51 23.46 26.23 
WSF 400ppm + D 12.1 10.16 11.25 12.07 12.58 14.15 
WSF 640ppm + D 14.2 11.76 13.09 14.14 14.76 16.74 
WSF 400ppm + W 23.9 20.30 22.42 23.82 24.93 27.87 








Table C.3 Predicted mean, median (mid), 50% and 95% credible intervals for below-ground 
biomass (g) of plants subjected to four combinations of CO2 and watering treatments (400ppm = 
ambient CO2; 640ppm = elevated CO2; D = drought; W = well-watered) in a glasshouse 
experiment consisting of nine eucalypt species grouped into three vegetation types (wet 
sclerophyll forest = WSF, dry sclerophyll forest = DSF; grassy woodland = GW). 
veg [CO2]/watering mean lwr95 lwr50 mid upr50 upr95 
DSF 400ppm + D 1.17 0.92 1.07 1.16 1.23 1.44 
DSF 640ppm + D 1.27 1.03 1.18 1.27 1.34 1.51 
DSF 400ppm + W 1.29 1.05 1.19 1.28 1.35 1.54 
DSF 640ppm + W 1.42 1.16 1.32 1.41 1.50 1.68 
GW 400ppm + D 2.72 2.38 2.59 2.71 2.82 3.07 
GW 640ppm + D 2.55 2.24 2.44 2.55 2.65 2.86 
GW 400ppm + W 3.17 2.60 2.91 3.14 3.30 3.79 
GW 640ppm + W 3.98 3.07 3.55 3.94 4.17 4.93 
WSF 400ppm + D 1.47 1.22 1.38 1.46 1.55 1.73 
WSF 640ppm + D 1.46 1.20 1.37 1.45 1.54 1.71 
WSF 400ppm + W 1.88 1.57 1.76 1.87 1.96 2.20 
WSF 640ppm + W 2.52 1.97 2.27 2.50 2.65 3.11 
 
 
Table C.4 Predicted mean, median (mid), 50% and 95% credible intervals for height (cm) of 
plants subjected to four combinations of CO2 and watering treatments (400ppm = ambient CO2; 
640ppm = elevated CO2; D = drought; W = well-watered) in a glasshouse experiment consisting 
of nine eucalypt species grouped into three vegetation types (wet sclerophyll forest = WSF, dry 
sclerophyll forest = DSF; grassy woodland = GW). 
veg [CO2]/watering mean lwr95 lwr50 mid upr50 upr95 
DSF 400ppm + D 46.3 42.35 44.78 46.24 47.49 50.35 
DSF 640ppm + D 50.8 46.67 49.22 50.73 51.95 54.81 
DSF 400ppm + W 59.4 52.03 56.70 59.19 61.80 67.17 
DSF 640ppm + W 67.4 58.89 64.01 67.11 69.85 76.61 
GW 400ppm + D 67.1 60.96 64.83 67.03 68.88 73.04 
GW 640ppm + D 64.5 58.98 62.37 64.44 66.35 70.77 
GW 400ppm + W 86.9 78.07 83.40 86.68 89.44 96.11 
GW 640ppm + W 82.2 73.88 78.82 82.06 84.65 91.17 
WSF 400ppm + D 56.3 50.62 54.24 56.19 58.04 61.87 
WSF 640ppm + D 59.2 51.62 56.41 59.02 61.48 67.00 
WSF 400ppm + W 79.3 71.85 76.45 79.18 81.41 86.66 










Table C.5 Predicted mean, median (mid), 50% and 95% credible intervals for canopy area (m2) 
of plants subjected to four combinations of CO2 and watering treatments (400ppm = ambient 
CO2; 640ppm = elevated CO2; D = drought; W = well-watered) in a glasshouse experiment 
consisting of nine eucalypt species grouped into three vegetation types (wet sclerophyll forest = 
WSF, dry sclerophyll forest = DSF; grassy woodland = GW). 
veg [CO2]/watering mean lwr95 lwr50 mid upr50 upr95 
DSF 400ppm + D 0.85 0.71 0.79 0.84 0.89 0.99 
DSF 640ppm + D 1.03 0.81 0.93 1.02 1.08 1.27 
DSF 400ppm + W 1.50 1.13 1.33 1.48 1.58 1.92 
DSF 640ppm + W 1.60 1.29 1.46 1.59 1.68 1.95 
GW 400ppm + D 1.10 0.85 0.99 1.09 1.16 1.36 
GW 640ppm + D 1.12 0.90 1.02 1.11 1.18 1.36 
GW 400ppm + W 1.71 1.32 1.54 1.69 1.81 2.16 
GW 640ppm + W 1.81 1.54 1.70 1.80 1.88 2.09 
WSF 400ppm + D 1.31 1.07 1.20 1.30 1.36 1.56 
WSF 640ppm + D 1.49 1.20 1.35 1.47 1.55 1.79 
WSF 400ppm + W 2.33 2.05 2.22 2.33 2.40 2.61 
WSF 640ppm + W 2.44 1.95 2.22 2.42 2.56 2.95 
 
 
Table C.6 Predicted mean, median (mid), 50% and 95% credible intervals for LMA (mg/cm2) of 
plants subjected to four combinations of CO2 and watering treatments (400ppm = ambient CO2; 
640ppm = elevated CO2; D = drought; W = well-watered) in a glasshouse experiment consisting 
of nine eucalypt species grouped into three vegetation types (wet sclerophyll forest = WSF, dry 
sclerophyll forest = DSF; grassy woodland = GW). 
veg [CO2]/watering mean lwr95 lwr50 mid upr50 upr95 
DSF 400ppm + D 10.6 9.49 10.16 10.59 10.93 11.78 
DSF 640ppm + D 11.2 10.43 10.94 11.22 11.48 12.04 
DSF 400ppm + W 7.69 6.92 7.38 7.67 7.89 8.48 
DSF 640ppm + W 8.89 8.05 8.58 8.88 9.15 9.73 
GW 400ppm + D 10.2 9.21 9.81 10.17 10.46 11.16 
GW 640ppm + D 11.8 10.97 11.50 11.81 12.07 12.65 
GW 400ppm + W 7.14 6.49 6.89 7.13 7.33 7.81 
GW 640ppm + W 8.91 8.25 8.66 8.90 9.10 9.58 
WSF 400ppm + D 8.88 8.12 8.58 8.87 9.09 9.67 
WSF 640ppm + D 9.43 8.66 9.14 9.41 9.65 10.21 
WSF 400ppm + W 7.05 6.48 6.82 7.04 7.20 7.61 











Table C.7 Predicted mean, median (mid), 50% and 95% credible intervals for root mass ratio 
(RMR) of plants subjected to four combinations of CO2 and watering treatments (400ppm = 
ambient CO2; 640ppm = elevated CO2; D = drought; W = well-watered) in a glasshouse 
experiment consisting of nine eucalypt species grouped into three vegetation types (wet 
sclerophyll forest = WSF, dry sclerophyll forest = DSF; grassy woodland = GW). 
veg [CO2]/watering mean lwr95 lwr50 mid upr50 upr95 
DSF 400ppm + D 0.102 0.08 0.09 0.10 0.10 0.12 
DSF 640ppm + D 0.100 0.08 0.09 0.10 0.10 0.11 
DSF 400ppm + W 0.083 0.07 0.08 0.08 0.08 0.09 
DSF 640ppm + W 0.081 0.07 0.07 0.08 0.08 0.09 
GW 400ppm + D 0.227 0.20 0.21 0.22 0.23 0.25 
GW 640ppm + D 0.191 0.17 0.18 0.19 0.19 0.21 
GW 400ppm + W 0.167 0.15 0.16 0.16 0.17 0.18 
GW 640ppm + W 0.166 0.14 0.15 0.16 0.17 0.18 
WSF 400ppm + D 0.101 0.09 0.09 0.10 0.10 0.11 
WSF 640ppm + D 0.091 0.08 0.08 0.09 0.09 0.10 
WSF 400ppm + W 0.080 0.07 0.07 0.08 0.08 0.08 
WSF 640ppm + W 0.088 0.07 0.08 0.08 0.09 0.10 
 
 
Table C.8 Predicted mean, median (mid), 50% and 95% credible intervals for lignotuber 
biomass (g) of plants subjected to four combinations of CO2 and watering treatments (400ppm = 
ambient CO2; 640ppm = elevated CO2; D = drought; W = well-watered) in a glasshouse 
experiment consisting of nine eucalypt species grouped into three vegetation types (wet 
sclerophyll forest = WSF, dry sclerophyll forest = DSF; grassy woodland = GW). 
veg [CO2]/watering mean lwr95 lwr50 mid upr50 upr95 
DSF 400ppm + D 0.088 0.05 0.06 0.08 0.09 0.15 
DSF 640ppm + D 0.259 0.08 0.13 0.23 0.25 0.53 
DSF 400ppm + W 0.151 0.07 0.10 0.14 0.15 0.27 
DSF 640ppm + W 0.399 0.17 0.26 0.37 0.43 0.69 
GW 400ppm + D 0.219 0.17 0.19 0.22 0.23 0.27 
GW 640ppm + D 0.281 0.23 0.26 0.28 0.29 0.33 
GW 400ppm + W 0.495 0.37 0.44 0.49 0.52 0.63 
GW 640ppm + W 0.665 0.51 0.59 0.66 0.70 0.83 
WSF 400ppm + D 0.206 0.13 0.17 0.20 0.22 0.29 
WSF 640ppm + D 0.225 0.15 0.19 0.22 0.24 0.30 
WSF 400ppm + W 0.396 0.27 0.33 0.39 0.42 0.53 







Table C.9 Predicted mean, median (mid), 50% and 95% credible intervals for coarse root 
biomass biomass (g) of plants subjected to four combinations of CO2 and watering treatments 
(400ppm = ambient CO2; 640ppm = elevated CO2; D = drought; W = well-watered) in a 
glasshouse experiment consisting of nine eucalypt species grouped into three vegetation types 
(wet sclerophyll forest = WSF, dry sclerophyll forest = DSF; grassy woodland = GW). 
veg [CO2]/watering mean lwr95 lwr50 mid upr50 upr95 
DSF 400ppm + D 0.918 0.73 0.86 0.92 0.98 1.10 
DSF 640ppm + D 0.917 0.75 0.85 0.91 0.97 1.09 
DSF 400ppm + W 0.965 0.79 0.90 0.96 1.02 1.14 
DSF 640ppm + W 1.01 0.83 0.94 1.01 1.06 1.19 
GW 400ppm + D 1.95 1.65 1.86 1.95 2.06 2.24 
GW 640ppm + D 1.79 1.52 1.70 1.79 1.89 2.06 
GW 400ppm + W 1.85 1.52 1.75 1.85 1.98 2.18 
GW 640ppm + W 1.83 1.46 1.71 1.83 1.96 2.20 
WSF 400ppm + D 1.12 0.92 1.05 1.12 1.18 1.31 
WSF 640ppm + D 1.10 0.90 1.02 1.10 1.16 1.29 
WSF 400ppm + W 1.32 1.10 1.25 1.32 1.40 1.54 















Table C.10 Predicted mean, median (mid), 50% and 95% credible intervals for calculated 
differences of change in the CO2 fertilization effect on total biomass (TB), above-ground 
biomass (AGB), below-ground biomass (BGB), height, canopy area, LMA, root mass ratio 
(RMR), lignotuber biomass (LB) and coarse root biomass (CRB) under drought versus well-
watered conditions in a glasshouse experiment consisting of nine eucalypt species grouped into 
three vegetation types (wet sclerophyll forest = WSF; dry sclerophyll forest = DSF; grassy 
woodland = GW). See Chapter 3 methods for caluclation details. 
veg variable mean lwr95 lwr50 mid upr50 upr95 
DSF TB (g) -2.00 -8.54 -3.95 -1.94 0.37 4.46 
GW TB (g) -2.10 -8.48 -4.16 -2.06 0.12 4.27 
WSF TB (g) -6.03 -15.06 -8.85 -5.99 -2.74 2.83 
DSF ABG (g) -1.89 -8.17 -3.84 -1.85 0.31 4.15 
GW ABG (g) -0.94 -6.26 -2.74 -0.96 0.88 4.52 
WSF ABG (g) -5.34 -13.87 -7.91 -5.24 -2.12 3.01 
DSF BGB (g) -0.04 -0.54 -0.19 -0.03 0.15 0.47 
GW BGB (g) -0.97 -2.19 -1.32 -0.96 -0.51 0.23 
WSF BGB (g) -0.65 -1.41 -0.87 -0.63 -0.36 0.09 
DSF Height (cm) -3.53 -16.50 -7.32 -3.45 1.51 9.55 
GW Height (cm)  2.05 -12.91 -2.81 2.05 7.40 17.28 
WSF Height (cm)  2.37 -12.97 -2.73 2.47 7.46 17.33 
DSF Canopy (m2)  0.07 -0.52 -0.13 0.07 0.26 0.65 
GW Canopy (m2) -0.07 -0.66 -0.29 -0.08 0.13 0.57 
WSF Canopy (m2)  0.06 -0.64 -0.14 0.07 0.33 0.75 
DSF LMA (mg/cm2) -0.59 -2.42 -1.19 -0.58 0.05 1.18 
GW LMA (mg/cm2) -0.14 -1.71 -0.70 -0.14 0.38 1.45 
WSF LMA (mg/cm2) -0.50 -1.93 -0.99 -0.50 -0.01 0.93 
DSF RMR -0.00 -0.03 -0.01 0.00 0.01 0.03 
GW RMR -0.36 -0.08 -0.05 -0.04 -0.02 0.01 
WSF RMR -0.02 -0.04 -0.03 -0.02 -0.01 0.01 
DSF LB (g) -0.77 -0.47 -0.20 -0.08 0.04 0.32 
GW LB (g) -0.11 -0.33 -0.18 -0.11 -0.03 0.11 
WSF LB (g) -0.18 -0.43 -0.26 -0.18 -0.09 0.08 
DSF CRB (g) -0.44 -0.41 -0.17 -0.04 0.08 0.30 
GW CRB (g) -0.14 -0.77 -0.37 -0.14 0.07 0.51 











D1.1 Merging vegetation types 
Table D.2 Vegetation types were acquired from different sources in NSW (Keith and Simpson 
2018) and VIC (DELWP 2005). Structurally and ecologically similar vegetation types in both 
datasets were merged into two groups, DSF and WSF. 
 
Wet sclerophyll forest (DSF) VIC Wet sclerophyll forest (DSF) NSW 
Coastal Vine-rich Forest; EVC 4 North Coast WSF 
Riparian Forest; EVC 18 South Coast WSF 
Damp Forest; EVC 29 Southern Escarpment WSF 
Wet Forest; EVC 30 Southern Lowland WSF 
Valley Grassy Forest; EVC 47 Southern Tableland WSF 
Shrubby Damp Forest; EVC 316 Montane WSF 
Lowland Herb-rich Forest; EVC 877  
Tableland Damp Forest; EVC 35  
Montane Damp Forest; EVC 38  
Montane Wet Forest; EVC 39  






Dry sclerophyll forest (DSF) VIC Dry sclerophyll forest (DSF) NSW 
Limestone Box Forest; EVC 15 Southern Hinterland DSF 
Lowland Forest; EVC 16 Central Gorge DSF 
Heathy Dry Forest; EVC 20 Coastal Dune DSF 
Shrubby Dry Forest; EVC 21 Sydney Coastal DSF 
Grassy Dry Forest; EVC 22 Sydney Hinterland DSF 
Dry Valley Forest; EVC 169 Sydney Sand Flats DSF 
Valley Slopes Dry Forest; EVC 177 South Coast Sands DSF 
Foothill Box Ironbark Forest; EVC 24 South East DSF 
Shrubby Foothill Forest; EVC 45 Sydney Montane DSF 
Valley Heathy Forest; EVC 127 Southern Tableland DSF 
 Cumberland DSF 
 Hunter-Macleay DSF 
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D1.2 Persistent green trend index 
The persistent green trend index is a spatial data product developed by the NSW Office 
of Environment and Heritage (OEH 2018), based on imagery acquired from Landsat 
5TM and Landsat 7 ETM+. The methodology used in developing the product (Gill et al. 
2016; Denham and Watson in review; Gibson et al. in review) involves firstly 
standardising the surface reflectance from the Landsat imagery. Accurate estimates of 
vegetation cover can be confounded by atmospheric disturbances, sun angle and 
topography, relative to sensor position (Flood et al. 2013). These widely-acknowledged 
and well-understood effects may be minimised through the use of atmospheric radiative 
transfer models, which account light scattering and absorption, and modelling the bi-
directional reflectance factor, i.e. the amount of surface reflectance given a particular 
sun angle (Flood et al. 2013).  
Secondly, the fraction of green vegetation fraction per pixel is estimated using a 
linear spectral un-mixing technique, which estimates the fraction of photosynthetic 
vegetation, non-photosynthetic vegetation and bare soil using a combination of 
standardised field data from reference sites and reflectance-corrected Landsat images 
(Guershman et al. 2015; Gill et al. 2016). Following this step, the reflectance-corrected 
time series images of the green vegetation fraction are composited for each season (i.e. 
four per year), based on the multi-dimensional equivalent to the median, the medoid 
(Flood 2013). The medoid is robust to extreme values and is considered to be more 
representative of seasonal trends than the maximum NDVI composite, which is an 
alternative that takes the maximum NDVI value per season (Flood 2013).  
Finally, the persistent green trend is calculated by fitting a minimum weighted 
smoothing spline to the seasonal green vegetation fraction, then fitting a linear 
regression to the smoothing spline to calculate the change in greenness over time 
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(Gibson et al. in review; OEH 2018; Fig D.1). The smoothing spline is assumed to be 
representative of persistent, woody vegetation that slowly varies in greenness across 
seasons, rather than more highly variable herbaceous vegetation, which may senesce 
between seasons (Denham and Watson in review; Gibson et al. in review).  
 
Figure D.1 Conceptual diagram of the persistent green trend product developed by Gibson et 
al. in review and OEH 2018). Y-axis represents the green vegetation fraction (GVF) per pixel; 
coloured dots represent seasonally composited GVF values; green line represents minimum 
weighted smoothed GVF and purple line represents the fitted linear trend for the change in 


















D1.3 Secondary results summaries 
Predicted greening 
Table D.2 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of TSFi values in dry sclerophyll forest for the Sydney Basin bioregion (SYD). 
TSFi lwr95 lwr50 mid upr50 upr95 
-16.0 -0.055 0.103 0.186 0.265 0.406 
-12.5 -0.075 0.095 0.163 0.248 0.367 
-10.0 -0.079 0.058 0.139 0.209 0.361 
  -7.5 -0.099 0.032 0.120 0.182 0.337 
  -5.0 -0.093 0.046 0.124 0.195 0.342 
  -2.5 -0.076 0.081 0.151 0.229 0.358 
   0.0 -0.040 0.113 0.185 0.261 0.395 
   2.5 -0.011 0.131 0.212 0.280 0.425 
   5.0  0.013 0.155 0.233 0.304 0.450 
   7.5  0.028 0.172 0.252 0.321 0.466 
 10.0  0.042 0.190 0.271 0.338 0.479 
 12.5  0.072 0.210 0.288 0.359 0.510 
 15.0  0.082 0.222 0.298 0.372 0.522 
 17.5  0.074 0.224 0.301 0.374 0.516 
 20.0  0.066 0.225 0.296 0.377 0.510 
 22.5  0.055 0.204 0.291 0.356 0.503 
 26.0  0.043 0.208 0.286 0.371 0.520 
      
Table D.3 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of TSD values in dry sclerophyll forest for the Sydney Basin bioregion (SYD). 
TSD (months) lwr95 lwr50 mid upr50 upr95 
    6 -0.071 0.075 0.151 0.225 0.384 
  12 -0.096 0.051 0.120 0.199 0.354 
  24 -0.100 0.048 0.129 0.197 0.351 
  60 -0.035 0.116 0.194 0.267 0.417 
120 -0.068 0.081 0.156 0.234 0.390 




Table D.4 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of MAP values in dry sclerophyll forest for the Sydney Basin bioregion 
(SYD). 
MAP (mm) lwr95 lwr50 mid upr50 upr95 
  700  0.646  2.075  2.734 3.483 4.809 
  800  0.473  1.230  1.728 2.134 3.171 
1000 -0.058  0.124  0.206 0.302 0.472 
1200 -0.481 -0.099  0.094 0.289 0.670 
1400 -1.292 -0.574 -0.289 0.060 0.600 
 
Table D.5 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of MAT values in dry sclerophyll forest for the Sydney Basin bioregion 
(SYD). 
MAT (°C) lwr95 lwr50 mid upr50 upr95 
12  0.008  0.634  1.028  1.312 2.004 
14  0.091  0.392  0.570  0.731 1.116 
16 -0.261 -0.019  0.082  0.199 0.396 
18 -1.321 -0.744 -0.427 -0.147 0.467 
 
 
Table D.6 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of TSFi values in wet sclerophyll forest for the Sydney Basin bioregion 
(SYD). 
TSFi lwr95 lwr50 mid upr50 upr95 
-14.0  0.022 0.136 0.200 0.259 0.384 
-12.5  0.051 0.141 0.205 0.256 0.375 
-10.0  0.039 0.133 0.194 0.242 0.344 
  -7.5  0.007 0.105 0.158 0.213 0.311 
  -5.0 -0.003 0.090 0.148 0.196 0.299 
  -2.5  0.033 0.130 0.185 0.236 0.334 
   0.0  0.069 0.161 0.223 0.267 0.370 
   2.5  0.073 0.167 0.227 0.272 0.375 
   5.0  0.067 0.168 0.224 0.274 0.368 
   7.5  0.088 0.185 0.239 0.291 0.390 
 10.0  0.109 0.201 0.260 0.306 0.409 
 12.5  0.118 0.212 0.267 0.319 0.420 
 15.0  0.117 0.213 0.272 0.321 0.422 
 17.5  0.130 0.235 0.283 0.345 0.437 
 20.0  0.129 0.218 0.287 0.329 0.439 
 22.5  0.125 0.221 0.277 0.332 0.443 
 25.0  0.075 0.199 0.259 0.325 0.427 






Table D.7 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of TSD values in wet sclerophyll forest for the Sydney Basin bioregion 
(SYD). 
TSD (months) lwr95 lwr50 mid upr50 upr95 
    6 0.058 0.162 0.213 0.271 0.369 
  12 0.062 0.176 0.217 0.284 0.369 
  24 0.067 0.181 0.220 0.288 0.370 
  60 0.075 0.178 0.228 0.283 0.376 
120 0.089 0.191 0.237 0.295 0.386 





Table D.8 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of MAP values in wet sclerophyll forest for the Sydney Basin bioregion 
(SYD). 
MAP (mm) lwr95 lwr50 mid upr50 upr95 
  800 -0.507 -0.039 0.192 0.419 0.915 
1000  0.088  0.195 0.248 0.301 0.412 
1200 -0.087  0.139 0.225 0.347 0.532 




Table D.9 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of MAT values in wet sclerophyll forest for the Sydney Basin bioregion 
(SYD). 
MAT (°C) lwr95 lwr50 mid upr50 upr95 
12 -0.274 0.175 0.408 0.618 1.021 
14 -0.038 0.202 0.326 0.447 0.690 
16  0.051 0.172 0.225 0.282 0.389 
18 -0.307 0.003 0.139 0.289 0.541 
 
Table D.10 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of TSFi values in dry sclerophyll forest for the South Eastern Corner 
bioregion (SEC). 
TSFi lwr95 lwr50 mid upr50 upr95 
-17.0 -0.594 -0.292 -0.181 -0.011 0.216 
-15.0 -0.629 -0.332 -0.212 -0.052 0.182 
-10.0 -0.623 -0.363 -0.226 -0.085 0.191 
  -7.5 -0.600 -0.336 -0.213 -0.059 0.213 
  -5.0 -0.636 -0.364 -0.217 -0.087 0.177 
  -2.5 -0.643 -0.396 -0.240 -0.119 0.170 
   0.0 -0.652 -0.391 -0.250 -0.113 0.160 
   2.5 -0.630 -0.361 -0.230 -0.084 0.177 
   5.0 -0.611 -0.350 -0.211 -0.074 0.201 
   7.5 -0.607 -0.344 -0.214 -0.066 0.202 
 10.0 -0.612 -0.355 -0.217 -0.077 0.197 
 12.5 -0.591 -0.330 -0.198 -0.053 0.219 
 15.0 -0.604 -0.321 -0.180 -0.045 0.207 
 17.5 -0.586 -0.314 -0.189 -0.039 0.226 
 20.0 -0.600 -0.337 -0.204 -0.059 0.210 
 22.5 -0.568 -0.328 -0.182 -0.049 0.257 
 24.0 -0.573 -0.285 -0.157  0.002 0.266 
      
 
Table D.11 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of TSD values in dry sclerophyll forest for the South Eastern Corner 
bioregion (SEC). 
TSD (months) lwr95 lwr50 mid upr50 upr95 
    6 -0.463 -0.168 -0.005  0.131 0.430 
  12 -0.526 -0.221 -0.074  0.070 0.342 
  24 -0.561 -0.265 -0.133  0.022 0.301 
  60 -0.583 -0.315 -0.165 -0.036 0.249 
120 -0.639 -0.367 -0.228 -0.091 0.172 






Table D.12 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of MAP values in dry sclerophyll forest for the South Eastern Corner 
bioregion (SEC). 
MAP (mm) lwr95 lwr50 mid upr50 upr95 
  700 -3.590 -1.732 -0.772  0.120   1.920 
  800 -1.781 -0.169  0.257  1.034   1.851 
1000 -1.136 -0.477 -0.342 -0.001   0.230 
1200 -1.991 -1.045 -0.096  0.424   2.502 
1400 -0.135  1.831  4.396  5.453 10.265 
 
Table D.13 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of MAT values in dry sclerophyll forest for the South Eastern Corner 
bioregion (SEC). 
MAT (°C) lwr95 lwr50 mid upr50 upr95 
12 -0.855 -0.369 -0.158  0.094 0.482 
14 -0.914 -0.577 -0.416 -0.236 0.074 
16 -1.500 -0.694 -0.282  0.109 0.891 
 
Table D.14 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of TSFi values in wet sclerophyll forest for the South Eastern Corner 
bioregion (SEC). 
TSFi lwr95 lwr50 mid upr50 upr95 
-16.0 -0.478 -0.191 -0.094 0.058 0.253 
-15.0 -0.476 -0.192 -0.096 0.056 0.253 
-12.5 -0.475 -0.196 -0.098 0.051 0.254 
-10.0 -0.496 -0.196 -0.101 0.052 0.230 
  -7.5 -0.484 -0.211 -0.101 0.038 0.240 
  -5.0 -0.486 -0.209 -0.101 0.038 0.239 
  -2.5 -0.473 -0.205 -0.100 0.042 0.249 
   0.0 -0.469 -0.204 -0.096 0.043 0.254 
   2.5 -0.463 -0.199 -0.088 0.048 0.261 
   5.0 -0.451 -0.204 -0.077 0.043 0.274 
  7.5 -0.435 -0.179 -0.065 0.068 0.291 
10.0 -0.426 -0.180 -0.056 0.068 0.298 
12.5 -0.423 -0.177 -0.050 0.072 0.300 
15.0 -0.422 -0.169 -0.047 0.079 0.302 
17.5 -0.415 -0.167 -0.048 0.082 0.308 
20.0 -0.443 -0.168 -0.050 0.081 0.281 
22.5 -0.420 -0.166 -0.054 0.082 0.307 
26.0 -0.429 -0.173 -0.059 0.078 0.300 







Table D.15 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of TSD values in wet sclerophyll forest for the South Eastern Corner 
bioregion (SEC). 
TSD (months) lwr95 lwr50 mid upr50 upr95 
    6 -0.651 -0.383 -0.212 -0.083 0.215 
  12 -0.619 -0.336 -0.218 -0.050 0.206 
  24 -0.600 -0.354 -0.203 -0.074 0.205 
  60 -0.481 -0.230 -0.094   0.041 0.290 
120 -0.478 -0.252 -0.120   0.002 0.254 
150 -0.482 -0.240 -0.112   0.015 0.257 
 
Table D.16 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of MAP values in wet sclerophyll forest for the South Eastern Corner 
bioregion (SEC). 
MAP (mm) lwr95 lwr50 mid upr50 upr95 
  800 -1.352 -0.764 -0.455 -0.133 0.549 
1000 -0.474 -0.216 -0.079  0.061 0.341 
1200 -0.771 -0.047  0.339  0.715 1.569 
1400 -1.142 -0.053  0.603  1.124 2.500 
 
Table D.17 Predicted medians (mid), 50% and 95% credible intervals for landscape greening 
(PGi) across range of MAT values in wet sclerophyll forest for the South Eastern Corner 
bioregion (SEC). 
MAT (°C) lwr95 lwr50 mid upr50 upr95 
12 -0.540 -0.041  0.216  0.447  0.924 
14 -1.472 -0.971 -0.759 -0.374 -0.075 







Figure D.2 The effect of mean annual rainfall (MAR; panels a & c) and mean annual 
temperature (MAT; panels b & d) on the persistent green trend index (PGi) betwewn 1989–2017 
for dry sclerophyll forest in the Sydney Basin bioregion (SYD; panels a & b) and South Eastern 
Corner bioregion (SEC; panels c & d). Navy blue ribbons represent 50% credible intervals; grey 
ribbons represent 95% credible intervals; purple dots are raw data; horizontal black lines 
represent PGi = 0 (no change in greenness). 
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Figure D.3 The effect of mean annual rainfall (MAR; panels a & c) and mean annual 
temperature (MAT; panels b & d) on the persistent green trend index (PGi) betwewn 1989–2017 
for dry sclerophyll forest in the Sydney Basin bioregion (SYD; panels a & b) and South Eastern 
Corner bioregion (SEC; panels c & d). Navy blue ribbons represent 50% credible intervals; grey 
ribbons represent 95% credible intervals; purple dots are raw data; horizontal black lines 
represent PGi = 0 (no change in greenness). 
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D1.4 Alternate variables 
 
Figure D.4 Data summary of the effects of alternative predictor variables (fire frequency, 
coloured boxes; drought frequency, x-axis) on the persistent green trend (DPGi) for the Sydney 
Basin bioregion over the period 1989–2017, for DSF (left panel) and WSF (right panel). Pale 
blue line represents no change over time; DPGi >100 = increased greening; DPGi <100 = 
increased browning; colours represent fire frequency classes (low = 1–2 fires; med = 3–4 fires; 
high = >4 fires); drought frequency classes were derived from the summed total of months that 









Figure D.5 Data summary of the effects of alternative predictor variables (fire frequency, 
coloured boxes; drought frequency, x-axis) on the persistent green trend (DPGi) for the South 
Eastern Corner bioregion over the period 1989–2017, for DSF (left panel) and WSF (right 
panel). Pale blue line represents no change over time; DPGi >100 = increased greening; DPGi 
<100 = increased browning; colours represent fire frequency classes (low = 1–2 fires; med = 3–
4 fires; high = >4 fires); drought frequency classes were derived from the summed total of 
months that experienced severe drought (SPEI < -1.5) at 6-monthly time scale (low = 1–2; med 
















E1.1 Secondary results summaries 
Replacement magnitude 
Table E.1 Predicted medians (mid), 50% and 95% credible intervals for magnitude of 
replacement per site in dry sclerophyll forest (MD = mild/moderate drought; SD = severe 
drought; LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 66.924 83.989 91.440 101.199 116.632 
MD/HF 68.873 86.321 95.320 103.948 119.921 
SD/LF 62.704 78.750 86.042   94.835 110.029 
SD/HF 63.370 80.397 89.213   97.863 115.456 
      
Table E.2 Predicted medians (mid), 50% and 95% credible intervals for magnitude of 
replacement per site in wet sclerophyll forest (MD = mild/moderate drought; SD = severe 
drought; LF = low fire frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF -5.212  -1.478   0.663   2.151   8.247 
MD/HF  2.065 12.856 18.625 23.954 35.352 
SD/LF -1.476   0.748   2.157   3.091   6.599 




Table E.3 Predicted medians (mid), 50% and 95% credible intervals for post-fire abundance per 
site in dry sclerophyll forest (MD = mild/moderate drought; SD = severe drought; LF = low fire 
frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 113 148 174 189 252 
MD/HF 140 165 187 196 234 
SD/LF 102 122 144 152 186 
SD/HF 116 147 168 180 224 
      
Table E.4 Predicted medians (mid), 50% and 95% credible intervals for post-fire abundance per 
site in wet sclerophyll forest (MD = mild/moderate drought; SD = severe drought; LF = low fire 
frequency; HF = high fire frequency). 
Drought/fire combination lwr95 lwr50 mid upr50 upr95 
MD/LF 17  24 31   34   49 
MD/HF 22  38 53   58   85 
SD/LF 12  16 20   21   28 
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